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Abstract 
This thesis describes the development of a sensorless control method for a surface 
mounted permanent magnet synchronous machine drive system. The saturation saliency 
in the machine is tracked from the stator current transient response to the fundamen- 
tal space vector PWM (pulse width modulation) excitation. The rotor position and 
speed signals are obtained from measurements of the stator current derivative during 
the voltage vectors contained in the normal fundamental PWM sequence. 
In principle, this scheme can work over a wide speed range. However, the accuracy 
of the current derivative-measurements made during narrow voltage vectors reduces. 
This is because high frequency current oscillations exist after each vector switching 
instant, and these take a finite time to die down. Therefore, in this thesis, vector exten- 
sion and compensation schemes are proposed which ensure correct current derivative 
measurements are made, even during narrow voltage vectors, so that any induced ad- 
ditional current distortion is kept to a minimum. 
The causes of the high frequency switching oscillations in the AC drive system are 
investigated and several approaches are developed to reduce the impact of these os- 
cillations. These include the development of a novel modification to the IGBT gate 
drive circuit to reduce the requirement for PWM vector extension. Further improve- 
ments are made by modifications to the current derivative sensor design together with 
their associated signal processing circuits. In order to eliminate other harmonic dis- 
turbances and the high frequency noise appearing in the estimated position signals, an 
adaptive disturbance identifier and a tracking observer are incorporated to improve the 
position and speed signals. Experimental results show that the final sensorless control 
system can achieve excellent speed and position control performance. 
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Chapter 1 
Introduction 
1.1 Background 
Electric Motors are fundamental to the fast efficient operation of many industrial pro- 
cesses from fans, conveyers through to steel and paper mills. They are known as the 
main workhorse in industry and different reports [1] indicate that they consume ap- 
proximately 60% 
- 
70% of all electricity generated. With the introduction of high per- 
formance control techniques (such as "Vector Control" proposed in 1969[21), three- 
phase AC motors, primarily induction motors(IM), have now taken over from DC 
motors for nearly all speed and torque controlled applications, due mainly to their 
simplicity and robustness. 
The permanent magnet synchronous motor (PMSM) is another type of AC motor. Its 
advantages includes high efficiency, high power density and low inertia, due to the 
absence of rotor windings. Recently with the development and increased availability 
of permanent magnet (PM) materials, the cost of PMSM has reduced significantly. 
This has led to many opportunities for applying PMSM in more widespread industrial 
applications [3,4]. 
An AC variable speed drive controls the speed and/or position of either an induction 
1 
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motor or a synchronous motor by applying controlled voltages and currents to the 
motor using a power electronic converter. The most common three-phase AC to AC 
power converter consists of a three-phase rectifier, a DC link capacitor and a voltage 
source inverter (VSI). The VSI employs pulse width modulation (PWM) to synthe- 
size the AC voltages from the DC link voltage. Advances in power electronic devices 
along with the development of high performance digital processors at low cost have 
enabled the realization of complicated control algorithms such as vector control for 
commercial AC drives. The vector control method, which is now available from most 
AC drive manufactures, uses mathematical transforms based on an estimate of the in- 
stantaneous flux position in the motor to decouple the stator current into independent 
field and torque producing components and thus enables fast control of the torque in 
the machine. This current decoupling requires the three-phase stator currents to be 
regarded as a current vector, which is then measured and controlled in a rotating co- 
ordinate frame. Speed or rotor position feedback is also necessary for the decoupling 
process and the correct operation of the speed control system. Usually the position sig- 
nal is measured by a position sensor, such as a resolver or optical encoder, mounted 
directly on the shaft of the motor. The speed signal is derived from the changing rate 
of position. However, these position sensors add to the cost of the drive and can be 
comparable to the cost of the drive at low powers. The sensor and the wires carrying 
the sensor signals reduce system reliability. There is a need therefore to achieve high 
performance control of AC motors without using a shaft mounted speed or position 
sensor. This is commonly termed "sensorless" control. 
The first types of sensorless control scheme researched derive the flux vector or rotor 
speed using some estimator or an observer based on the fundamental mathematical 
electromechanical model of the motor [5,6,7,8,9]. These types of methods always 
perform badly in the low speed range, because the stator or rotor flux signal is essen- 
tially derived from the machine's back-EMF, which tends to zero as the rotor speed 
reduces. Thus the motor position becomes unobservable when the stator frequency 
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approaches zero. The other drawback of the fundamental model based methods is 
that the performance of the observers relies on the precise knowledge of machine pa- 
rameters. These parameter values may vary according to the operating conditions of 
the drive, which leads to the incorrect estimates of the flux position and speed, with 
a significant deterioration in drive performance. Alternative methods, independent of 
the estimation of the back-EMF and free from the parameter errors, have been inves- 
tigated by researchers [10,11,12,13,14]. The main approach employed here is to 
track the rotating saliency properties of a motor. This appears to be the most promis- 
ing technology to overcome the limitations at low speed. The saliency can be caused 
by the magnetic saturation or by the geometric and physical construction of the rotor. 
These saliencies can be exploited to extract a rotor position signal by measuring the 
motor's electrical response to an added high frequency sinusoidal voltage or current 
signal. Alternatively, specific test pulses can be employed. 
Both approaches exploit the fact that the stator inductances are modulated by the 
saliency position. Therefore the measured transient current response is consequently 
a function of the saliency position. By measuring either the high frequency current 
response or the derivative of the motor current, it is possible to derive a rotor position 
estimate using suitable signal processing. The saliency tracking methods can guaran- 
tee correct, stable operation at very low and even zero fundamental frequency. 
For the saliency tracking methods which employ high frequency signal injection, a 
high frequency pulsating or rotating voltage/current signal is superimposed on the 
fundamental input voltage/current to the motor. The current/voltage responses due 
to this injection is measured and the saliency position is identified using a suitable 
demodulation scheme. The disadvantages are that the measured modulated signal is 
also influenced by the non-linearities of the inverter and the current sensors, and can 
have a poor signal to noise ratio (SNR). More importantly, the signal injection may 
bring about additional torque ripple, increased motor losses, and higher acoustic noise. 
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It is however, relatively easy to implement, although it can only be used at low and 
zero speed. 
The other group of methods utilize the switching pulses (and additional test vectors) 
applied to the motor by the VSI. This approach provides excitations with much higher 
amplitude than any other type of voltage signal injection, but with a smaller duration. 
The transient current changes caused by the switching of a specific switching state 
voltage vectors can be measured and used to detect the saliency position because of 
the saliency spatial modulation of the stator inductances. The INFORM method [ 13] is 
the simplest method to understand and was proposed in 1996. It applies three pairs of 
special test pulses during the inactive period (null vector) of the normal (fundamental) 
PWM sequence. The INFORM method is only applicable in the low speed range, 
because it may be difficult to apply these test vectors when the speed increases as the 
inactive state vector becomes shorter. The additional test pulses used by the INFORM 
method create additional current distortion in the motor (again with increased torque 
pulsations and acoustic noise), and may also introduce higher voltage stresses when 
switching between two test pulses. In addition, the complexity of embedding the 
scheme into the conventional PWM of a drive can make it difficult to program into a 
real time controller. 
Previous research at the University of Nottingham has succeeded in integrating a ro- 
tor position estimation scheme for an induction motor into the normal fundamental 
PWM sequence, by using the active vectors of the fundamental PWM sequence for 
the required transient excitations [14,15]. Rotor position information is extracted 
from the measurement of the rate of change of motor current (current derivative) to 
these normal PWM sequence vectors and no additional test vectors are required. A 
further advantage is that it can be used over a wider speed range, although some re- 
strictions apply as the voltage limit is approached. The main difficulty of integrating 
the required transient excitations within the fundamental PWM sequence arises from 
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the high frequency current oscillations which occur after each power device switches. 
These oscillations are a consequence of the parasitic circuit within the motor, cable 
and inverter, and are excited by the high dv/dt when an IGBT switches. Measurement 
of the rate of stator current change has to be made after the switching oscillations die 
down to obtain a correct measurement, and a minimum time is required for these oscil- 
lations to die down sufficiently. The minimum waiting time is denoted as td,, 1n. If the 
active vectors in the fundamental PWM sequence last for a time less than tdmi, ("nar- 
row vectors"), modification of the PWM sequence is necessary. An extension and 
compensation scheme is required allowing correct current derivative sampling dur- 
ing the narrow vectors of the fundamental PWM sequence. This scheme extends the 
widths of the narrow active vectors to td, i,, and then compensates its resultant effect in 
order to keep the mean output voltage unchanged. However, it was shown in [ 14] that 
this method could be successfully applied to sensorless control of an induction motor 
with only a minor modification to the normal PWM strategy, and with operation over 
a wide speed range. 
The aim of this project was therefore to develop a sensorless control system for a per- 
manent magnet synchronous motor based on the fundamental PWM excitation tech- 
nique. The fundamental PWM voltage waveforms are used as excitation signals to ex- 
tract the saliency position information. This sensorless control method ideally should 
incur no additional losses, torque ripples or acoustic noise compared to a sensored 
system, and should be easier to embed into a drive than the sinusoidal injection or 
test pulse approaches. That is, clean position and speed estimation signals should be 
obtained only using the fundamental PWM sequence with the minimum stator current 
distortion, and it should work over a wide speed range. 
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Project Objectives 
In this thesis, the development of a new sensorless control surface mounted PMSM 
drive system is described. The position and speed signals are estimated from the sta- 
tor current transient measurements which are in response to the inverter's switching 
vectors in the fundamental PWM waveforms. The theory for this method is ana- 
lyzed in this thesis. For narrow vectors in the fundamental PWM sequence, vector 
extensions are needed to ensure the current derivatives can be measured without the 
disturbance of high frequency switching noise. Several methods are provided in this 
thesis. A new extension and compensation scheme is proposed in this research, which 
can effectively minimize the induced line current distortion. For the current ripples 
or distortions caused by the test vectors or vector modifications, a new method is in- 
troduced for studying the current waveforms of different position estimation methods 
based on PWM vector excitation. The current ripples caused by these position es- 
timation schemes are campared using the proposed ripple vectors and experimental 
results. 
For the position estimation method only using fundamental PWM sequence, the extra 
current ripple or distortion mainly comes from the extensions of narrow vectors which 
are required for the current derivative sampling. If the required minimum vector du- 
ration tdmin can be decreased, the additional current ripple will be reduced. In this 
research the high frequency switching oscillations, which decide the value of tdmin, are 
investigated. Common mode oscillations and differential oscillations are categorized 
through their origins and flowing paths. Several measures to reduce the switching os- 
cillations are discussed and tested. One effective way is to enlarge the gate resistance 
value during the current derivative measurements. A novel modification to the IGBT 
gate drive circuit is presented in the thesis, making the gate resistance changeabe and 
reducing the switching oscillations and thus the requirement for pulse extensions. Cur- 
rent derivative signals are obtained from specially designed di/dt sensors and signal 
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processing circuits, which improve the signal to noise ratio of these measurements. A 
20kW power converter is designed and built up in this research. The power circuits, 
the control platform and the design considerations are all explained in this thesis. 
An adaptive disturbance identifier (ADI) scheme is implemented for eliminating the 
harmonics appearing in the estimated position signals, which is effective in both low 
and high frequency range. The angle difference between the flux position estimated 
through saturation saliency tracking and the real rotor position, is investigated and 
compensated by looking up table. A mechanical tracking observer is also designed to 
further improve the quality of the position and speed estimations. Finally the experi- 
mental results are presented to demonstrate the excellent sensorless speed and position 
control performance for a surface mounted PM synchronous motor. 
1.2 Overview of this Thesis 
This thesis is presented as follows: 
Chapter 2 reviews the development history of the sensorless control systems. The 
most significant methods and solutions proposed in literature are introduced. Sensor- 
less control methods based on the machine fundamental models are introduced. Then 
the crucial problem of the sensorless control in the low and zero speed range is high- 
lighted. The sensorless rotor position/speed estimators based on sailency tracking, 
which are the main solution for sensorless control at low speed, are categorized and 
explained. The main problems of achieving higher performance for these sensorless 
control schemes are summarized. 
A promising method of sensorless control uses PWM transient excitations to exploit 
the saliency position of the rotor. There are a number of different implementations. In 
Chapter 3, the principles of these implementations are described. The position estima- 
tion method developed and implemented in this research is only using the fundamen- 
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tal PWM sequence. This kind of method is firstly applied on the surface mounted PM 
synchronous motor. One critical issue with these saliency tracking methods is the cur- 
rent distortions induced by these position estimation implementations. A new scheme 
for investigating the current distortions is proposed in Chapter 3, and then it is applied 
to evaluate the current ripples caused by the introduced position estimation schemes. 
In order to suppress further the current distortion caused by the method only using the 
fundamental PWM sequence, a new improved extension and compensation scheme is 
proposed and used. The current distortions with these different implementations are 
then compared. 
Chapter 4 describes the measurement process of the stator current rate of change, 
which are essential for the sensorless control methods based on the PWM transient 
excitations. It is known that the voltage vectors providing the excitations for posi- 
tion estimation should last no less than the required minimum duration td i,. This is 
due to the current oscillations at the switching instants. In Chapter 4, these high fre- 
quency current switching oscillations are investigated. They are due to the common 
mode and the differential mode current flows. Because the requirement of the vec- 
tor minimum duration td,,, i is the main reason of additional current distortion, several 
new schemes to reduce the switching oscillation effect have been discussed in Chapter 
4. The schemes include increasing the IGBT gate resistance, increasing the snubber 
capacitance, and applying common mode compensation. The investigations of their 
effects are detailed in Chapter 4. The specially designed di/dt sensors and the signal 
filtering and amplifying circuits used in this research are also described. 
In Chapter 5, the complete AC drive power converter built in this research is intro- 
duced from its overall system and the main functional parts. The design consider- 
ations of main power circuit, measurement and protection circuit, signal processing 
circuit and control platform, are all clarified. Particularly, the gate drive circuit has 
a special design to achieve a program controllable IGBT gate resistance, which en- 
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ables the investigations of di/dt measurements with different IGBT switching speed 
as explained in Chapter 4. The new circuit and its operation are explained in Chapter 
5. The increased gate resistance suppresses the high frequency switching oscillations 
and thus helps to reduce the required minimum vector duration. 
In Chapter 6 the schemes for enhancing the estimated position signal are proposed. If 
the estimated position signals from the di/dt measurements are directly used for the 
field orientation and closed-loop sensorless control, the positioning accuracy, the feed- 
back quality and dynamic characteristics will be poor. This has a number of causes: 
the multiple saliencies and the non-sinusoidal distribution of the rotor flux; the er- 
ror between the flux angle obtained from the saturation saliency and the actual rotor 
position angle; and the random noise present in the di/dt measurement. In this re- 
search, an adaptive disturbance identifier (ADI) is adopted to reduce the disturbing 
effects from other spacial harmonics. The error between flux angle and rotor angle is 
compensated by an online scheme. The position and speed signals for the closed-loop 
vector control are obtained by a mechanical tracking observer. All these schemes are 
explained in Chapter 6. 
Chapter 7 details the implementation of the sensorless speed control schemes on a 
surface mounted PM synchronous motor. Both the sensorless speed control and the 
sensorless position control are designed and applied. Experimental results are pre- 
sented to verify their excellent performance. 
Chapter 8 presents conclusions to the whole thesis and recommendations for future 
research. 
Chapter 2 
Sensorless Control of AC Machines 
VF (scalar) control was mainly used for AC drive control before Felix Blaschke pro- 
posed the concept of vector control in 1969[2]. Vector control, or field oriented con- 
trol, allows for the quick torque response of AC machines similar to that of the DC 
motor. This is realized by controlling the rotor flux and torque efficiently through 
rotor flux orientation. In addition to induction motors, vector control has also been 
widely used on other AC motors, such as permanent magnet AC machines and double 
fed induction motors. However, the flux position or speed needs to be obtained for the 
field orientation and closed-loop control. Speed or position is normally measured by 
some kind of shaft mounted sensor, such as an encoder or resolver. Sensorless control 
aims at speed or position control without using any shaft mounted speed or position 
sensor. The main advantages of sensorless control are that the total cost is significantly 
reduced, the sensor, its connectors and its cable are removed, the installation becomes 
easier, and importantly the reliability can be greatly improved. In harsh environments, 
sensorless control is very important. Eliminating the sensor without sacrificing the 
good dynamic response and the operating accuracy is the main aim of research on the 
sensorless control. 
Joetten and Maeder were among the researchers to firstly explore the sensorless vector 
10 
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control of induction motors [5]. In their research a back EMF vector is generated from 
a sensorless slip frequency calculation scheme, from which the rotor frequency signal 
is then generated. The rotor frequency estimator forms an inner control loop, as part 
of the drive control system. 
With the development of modern control approaches [16,17], the state-space repre- 
sentation was proposed, which provides a precise and powerful tool for the analysis 
and synthesis of the control and observer algorithms. This development introduced ad- 
vanced observer and estimators into the motor drives field. The models of the motor 
drive systems are gradually maturing and optimizing for estimator designs. Instanta- 
nous estimators of the flux position or speed based on the fundamental mathematical 
models of the machine, show good performance in the higher speed range. Using these 
estimators, the flux information is obtained essentially from the motor back EMF. 
They will fail at very low or zero speed, because the magnitude of the back-EMF 
voltage becomes quite small at low speed and will vanish at standstill[18]. Moreover, 
in the low speed range the signal-to-noise ratio degrades and the fundamental models 
are more sensitive to the parameter errors[6]. The fundamental model based meth- 
ods do not yield good results if the machine exhibits unmodelled nonlinearities and 
disturbances[ 18]. 
In order to overcome these drawbacks, new types of position estimation schemes, 
which are based on the saliency phenomena in the motors, have been developed. Using 
a high frequency test signal, the resultant motor response to the test signal is measured 
and then used to find the anisotropy position and hence the rotor position. These kinds 
of methods are currently the main trend of research on the sensorless control in the 
very low or zero speed range. 
This chapter will review the research in literature for sensorless control of AC drives. 
Both methods, the fundamental model based methods and the saliency tracking meth- 
ods, will be presented. The principal schemes of each type will be introduced. 
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2.1 Fundamental Model Based Sensorless Control Meth- 
ods 
With the advanced control theories being developed and applied to AC motor drives, 
various machine models and observers have been designed for the estimation of the 
rotor flux and speed. Generally most of these methods can be classified into groups as 
described in the following sections. 
2.1.1 Flux Position Estimators Based on Model Reference Adap- 
tive System 
The model reference adaptive system (MRAS) is a broad subject with wide applica- 
tions and many realizations. The general idea is to create an adaptive closed loop 
scheme to drive the plant output to match with the output of a model with the desired 
performance. As shown in Fig 2.1, a typical MRAS consists of one reference model 
with the output y, one adaptive model including some unknown parameter(s) with the 
output y, and an adaptive controller. The input signal u is fed to both the real sys- 
tem and the mathematical models. The error between y and y is driven to be zero by 
the adaptive controller by adjusting the unknown parameter(s) in the adaptive model. 
The proper adaptation law ensures the stability of the whole system, and the unknown 
parameter(s) will be guaranteed to approach the real value. In this diagram, when 
applied as the estimator of motor flux and speed, different candidates can be chosen 
as the output signal. The common ones are stator currents, rotor or stator flux linkage 
and reactive power. 
Reference [6] uses MRAS in the speed estimation of an induction motor. It proposes 
a well-known MRAS estimator, using the voltage model expressed by (2.1) as the 
reference model and the current model of (2.2) as an adjustable model. 
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Figure 2.1: Basic configuration of MRAS 
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where usa, sß, isa, sß and yira, rß are the stator voltages, stator currents and rotor flux 
in the stationary reference frame, which is represented by the commonly used two 
phase (a 
- 
ß) representation [19]. Lr, LS and LM are the rotor inductance, stator self- 
inductance and the mutual inductance. R, s is the stator resistance. T, is the rotor time 
constant. co, is the rotor electrical angular speed. ß= 1- L is the total leakage 
factor. p=d. The diagram of this speed and flux estimator is shown in Fig 2.2. 
The rotor flux linkage vector calculated from the reference model yi a, rp and calcu- 
lated from the adaptive model v a, rß are compared. 
The error signal e obtained from 
their vector cross product is sent to the adaptive controller, which adjusts the estimated 
speed thr that appears in the current model. Both the rotor flux and the rotating speed 
are identified in this structure. Pure integration in the reference voltage model (2.1) 
cannot be used in practice, and therefore both models are augmented with the first 
order low pass filters in [6]. It is also recognized that the instability can be brought 
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Figure 2.2: Diagram of the MRAS rotor speed identification system 
about at low speed, depending on the pole/zero locus of the proposed system. 
Another MRAS structure proposed in [7] derives the back-EMF from the reference 
and adaptive models and makes their difference as the error vector, avoiding the open- 
loop integration. It uses the cross product of the stator current vector and the back- 
EMF, representing the instantaneous reactive power. The advantage of this scheme is 
that it does not include the stator resistance which can change during operation. 
An improvement in rotor flux and speed estimate at very low speed was obtained 
through a closed-loop flux observer MRAS (MRAS-CLFO)[201. At higher frequen- 
cies the system is equivalent to the basic MRAS. When the speed approaches zero 
and the speed estimate forcing is lost, a mechanical model compensates for this ef- 
fect. However the operation at low speed still depends on the precise knowledge of 
the mechanical parameters. 
The MRAS scheme is sufficiently robust and accurate at higher stator frequencies. 
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It is very simple to implement. But all the MRAS models degrade as the speed re- 
duces. Models using the stator voltages require a pure integration which can cause 
drift problems. In most cases, MRAS shows high sensitivity to parameters[18]. 
2.1.2 Position Estimation Using the Full Order Observer 
The state observer was a development in control theory in 1960s and its idea has 
successfully penetrated into the motor drive field. It reconstructs the internal state 
variables in the system from the measurements of the input and output signals. A 
standard observer works by comparing the estimated state(s) in the machine model 
with its measured real state signal(s). In the coefficient matrix of the motor model, the 
speed or flux is unknown. The estimated state(s) are forced to the real state(s) by using 
an adaptive controller to adjust the unknown parameters, which is designed based on 
a stability analysis. If only part of the internal states are missing and are required, a 
reduced-order observer also works well by outputting a reduced-order state vector. 
Reference [8] explored the use of observers for the flux estimation in induction motors. 
It views an observer as "a real time simulation corrected by feedback of a prediction 
error term, and thereby permits the observer approach to be directly related to the flux 
estimation schemes". The induction motor is modelled in [9] with the stator currents 
and the rotor flux as the inner states and the stator voltages as the input signals. 
d is All A12 is B1 
us (2.3) dt Vr 
[A21 
A22 Wr 
+0 
is 
=C 
is 
Wr 
(2.4) 
where is is the stator current vector, yir is the rotor flux vector, us is the stator voltage 
vector, and 
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where r3 is the stator phase resistance, 6 is the total leakage coefficient, L,,,, L, s and 
Lr are the mutual inductance, stator self inductance, and rotor self inductance, and 
Tr = Lr/r,. is the rotor time constant. 
The full-order observer is constructed by comparing the estimated states with the mea- 
sured ones, stator current here, as shown in Fig 2.3 [9]. The unknown speed in the 
coefficient matrix A is obtained through an adaptive scheme, by forcing the observer 
to meet the Lyapunov criterion according to the stability analysis. The observer gain 
matrix G is carefully selected in order to ensure the stable operation and dynamic 
performance of the observer. 
Sensorless motor drives with the observer based estimators may lose their stability 
at low speeds or in regenerating mode. Based on the linearized model of the ob- 
server system, the observer gain is redesigned in[21], so that the performance with 
regeneration mode at low speed is improved. Different diagrams of the flux or speed 
observer and different considerations for choosing the observer gain are proposed in 
[22,23,24]. However they all face stability problems in the low speed range. 
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Figure 2.3: Block diagram of rotor speed and flux adaptive observer 
2.1.3 Estimation Using the Extended Kalman Filter 
When the rotor speed is regarded as one state variable of a machine system, the 
machine model becomes a non-linear one. The Kalman Filter is an efficient re- 
cursive filter that estimates the state of a dynamic system from a series of noisy 
measurements[17]. In the extended Kalman filter (EKF), the state transition and ob- 
servation models are not limited to a linear assumption, and is thus applicable to esti- 
mation for non-linear motor models. The EKF is introduced to estimate the speed and 
rotor flux of an induction motor in [25], aiming to give an optimum estimation from 
the noisy measurements. 
The application of the extended Kalman filter to speed and position estimation is 
demonstrated in [26] and [27]. The typical implementation involves the lineariza- 
tion of the model around some operation point, and a prediction of the state variables 
are finally made from the previous time step. The Kalman gain is then calculated and 
the updated error covariance is given with the measurement information at the present 
time step. The new prediction is then made with the Kalman filter correction equation, 
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and so forth. 
The Kalman filter can be considered as one case of an observer with the observer gain 
yielding the minimum least square estimation error with white Gaussian noise [8]. 
The full-order observer has been compared in [28] with an extended Kalman filter for 
the speed and flux estimation of an induction motor. The conclusion is that the EKF 
is more sensitive to the parameter errors and its accuracy tends to be poor in the low 
speed range. But the EKF is more applicable to a noisy system. 
The reduced-order observers for rotor flux oriented vector'control have been consid- 
ered in [29], which indicates that the voltage model and the current model can be 
obtained as special cases when selecting the observer gain. The resulting closed-loop 
flux dynamics are analyzed with an arbitrary observer gain. A framework for the gain 
selection, which is critical for the behaviour of an observer based system, is developed. 
2.1.4 Discussions on the Fundamental Model Based Estimators 
A large number of schemes and combinations from different principles have been de- 
veloped for the sensorless control of motor drives. At the same time, various observer 
methods have appeared in an attempt to achieve better estimation performance, such 
as neural networks[30], sliding-mode control[31], fuzzy control[32], etc. Some re- 
searchers try to find the relationship between the different control schemes[33,24,34, 
35]. For example, the MRAS, observer and EKF approaches are reviewed in [33], and 
the conclusion is that the Luenberger observer shows the best behaviour with respect 
to the dynamic response and parameter sensitivity, but EKF is the best if the noise 
parameters are known. In [24] the basic MRAC estimator is shown to be a special 
case of the full-order observer. In [34] the rotor-flux MRAS, torque-current MRAS 
and the adaptive observer are compared. A comparison between full-order observer, 
reduced-order observer and MRAS is made in [35]. No matter which type of ob- 
server is used, the same problems are always seen with the fundamental model based 
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sensorless control schemes, which are explained below. 
At very low and zero frequency, as the rotor flux signal is essentially derived from 
the back-EMF, this tends to be lost when the rotor frequency reduces. As the stator 
voltage diminishes, the rotor flux and speed become unobservable from the models 
with stator currents and voltages[36]. Also, there always exists an unstable region 
at low speed, especially in the regenerating mode when the fundamental model based 
estimators are used. The instability comes from the inherent property of the estimation 
process and also the parameter error. It is difficult to design a sensorless system with 
complete stability. 
Precise knowledge of machine parameters has a crucial effect on the performance of 
the model based estimators. However actual parameters of the motors may vary de- 
pending on the operating conditions. The stator resistance, the rotor time constant and 
also the permanent magnet flux may change with temperature. The stator inductances 
may be altered by the magnetic saturation. Also, the models do not exhibit enough im- 
munity to measurement noise, especially for the conventional models including pure 
integrations[37,38]. For good performance, online parameter estimation or adaptive 
controllers are always required[38]. 
2.2 Sensorless Control Methods Based on Saliency Track- 
ing 
All the fundamental model-based methods fail at low speed due to the inherent unob- 
servability of the machine resulting from the lack of back-EMF information. Alter- 
native methods, independent of the back-EMF, have been investigated by researchers. 
The tracking of the anisotropic properties of the rotor, represented by the variations of 
the stator impedances, especially leakage inductance, becomes an influential mecha- 
nism for the rotor position detection. 
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The saliency tracking methods may be categorized into two groups depending on the 
type of excitation used to exploit the reactance modulation: 
1. Injecting a high frequency voltage or current signal 
2. Applying voltage vector transient excitation 
2.2.1 Types of Saliency 
The saliency noted in the sensorless control means the asymmetric properties of the 
machine. It can be structural asymmetries arising from the machine geometric con- 
struction; or a flux imbalance distribution resulting from magnetic saturation; or some 
intentionally introduced anisotropies. Because the sensorless control methods investi- 
gated in this research are applicable to both permanent magnet machines and induction 
motors, the saliencies appearing in both machine types are described. 
2.2.1.1 Permanent Magnet Synchronous Motors and their Saliencies 
Permanent magnet (PM) machines have outstanding characteristics compared with 
other motor types. They show higher power density, lower maintenance cost, and 
higher efficiency. Two major classes of PM motors are the brushless DC motor and the 
PM synchronous motor (PMSM). The two classes are structurally similar, as perma- 
nent magnet-based, three phase AC motors. The main difference between the brush- 
less DC motor and the PMSM is the shape of their back-emf induced in the stator 
windings and the resultant different excitation waveforms required for their control. 
A brushless DC motor needs a trapezoidal excitator, while PMSM needs a sinusoidal 
excitator similar to the control from standard AC drives. Hence brushless DC motors 
will not be considered in this research and it will focus on the sensorless control for 
AC machines. 
The rotor of the PMSM can be constructed with different configurations. The cross 
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sections of three different rotor types of PMSM are shown in Fig 2.4. Figure 2.4(a) 
shows surface mounted PM with the magnets fixed to its surface. Because rare earth 
magnet have a relative permeability close to unity, this type of PM machine presents a 
constant effective air gap length resulting in a geometrically symmetric structure. The 
other type shown in Fig 2.4(b) is constructed by placing the magnets in shallow slots; 
this is called as inset-magnet rotor. This facilitates construction. The iron interpoles 
cause a structural saliency. The interior-magnet machine(IPM) shown in Fig 2.4(c) 
has rectangular magnets placed in slots inside the rotor, which provide more protection 
against centrifugal forces and demagnetization. This type is highly salient and shows 
a significant amount of reluctance torque. 
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Figure 2.4: Different rotor configurations (a)Surface mounted (b) Inset (c) Interior 
For the interior type PMSM the structural saliency is dominant. This rotor geometry 
effect can be represented as[39]: 
Lmd 
= 
kdLm (2.5) 
Lmq 
= 
kgLr 
(kd < kq) 
where Lmd, L, q are magnetizing inductances in the reference frame synchronous with 
the saliency, Lm is the average magnetizing inductance, kd, kq are the form factors, 
which can be analytically calculated from the rotor geometrical parameters. This 
saliency is directly oriented with the rotor and Lrd < L,,, q. This effect in interior 
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magnet motors is higher than that in inset magnet motors. 
In a surface mounted PMSM, without significant structural saliency, the magnetic sat- 
uration due to the main flux causes the dominant spatial anisotropy in the synchronous 
stator inductances. The saturated iron presents a reduction in the permeability and thus 
a decrease of the inductance value of the coils whose flux linkage paths go through 
the saturated section. The saturation of the machine's iron may affect both the main 
and the leakage flux paths, modulating both the magnetic inductances (L,,, d, L,, q) and 
the leakage inductances (Lid, LIq) (which will be further explained in Chapter 6 ). 
The saturation in the magnetizing inductance and in the leakage inductance are op- 
posite and tend to cancel each other. The variation of total stator inductances reflect 
the dominant saturation saliency. Reference [40] declared that the leakage inductance 
modulation behaviour is the dominant saturation effect in induction motors, because 
the flux generated by high frequency voltage signals which are used for saliency track- 
ing methods does not penetrate the main flux path. The high frequency flux is impeded 
from penetrating the main flux path by the induced high frequency currents in the rotor 
cage. In the PM machines with laminated rotors, the high frequency currents induced 
in the rotor are not significant, and thus the magnetizing inductance saleincies are 
tracked in the sensorless control methods. 
The stator transient inductances modulated by the saturation induced saliency in the 
rotor speed synchronous reference frame can be modelled as[10]: 
1Lad 0 L6 + OL 0 
0 Laq 0 La 
- 
0L 
where Lad and Laq are the transient leakage inductances on d- and q- axes, 
La 
= 
Lad + Lay 
and AL = 
Lad 
- 
Laq 
22 
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In the stationary reference frame, this can be further represented by 
LS 
_ 
Laa 
_ 
LQ+OLcos(29r) ALsin(20r) 
2.7 
vap= ) Laß AL in(26r) La 
- 
ALCOS(29r) 
where 9,, is the rotor position angle. The inductance modulation appears at twice the 
electrical frequency, because the saturation exists around the two rotor poles in one 
electrical period. For an inset type PMSM, the saturation effect causes its dominant 
saliency, but a geometrical saliency exists at the same time. 
The saturation saliency moves along the air gap with the main flux and has a period 
of two cycles per pole pair. It should be noted that this saliency position angle will 
deviate from the rotor position when the PM is loaded. In this case the flux induced 
by the torque current creates a shift of the total air-gap flux distribution towards the 
q-axis. The maximum flux density in the iron changes its angular position and thus 
the saturation saliency deviates from the rotor axis. The error angle between the rotor 
position and the position estimated from saturation saliency tracking is proportional 
to the torque current isq. The shifted angle from the estimated frame to the real rotor 
frame, needs to be compensated. 
2.2.1.2 Saliencies in Induction Motors (IM) 
The investigations of the sensorless control in this research also apply to IM and so 
the saliencies in IM are also introduced in this section. Similar to the surface mounted 
PMSM, there is no prominent structural asymmetry in the configuration of IM. The 
possible saliencies of IM are caused by: 
1. Saturation caused by the fundamental wave excitation. Similar to the surface 
mounted PM, the saturation effect of the fundamental wave flux changes the perme- 
ance of the leakage flux paths in the stator and rotor, and thus modulates the total 
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leakage inductances[41 ]. The saturation saliency is influenced by the point of opera- 
tion of the machine and by the design of the laminations. 
2. Rotor bar slotting harmonics. This saliency is explained by the variable magnetic 
coupling between the stator windings and the discrete rotor bars of an induction mo- 
tor, which is influenced by the distribution of the stator and rotor winding in the slots. 
This phenomenon has been analyzed in [42,43], which show that the air-gap lengths 
change with the slotting. The magnetic permeance of the flux paths and the stator 
transient reactances will therefore be modulated by the slotting harmonics. A quasi- 
continuous signal oriented with the rotor position can be obtained by measuring the 
total stator leakage inductance, which varies over one period for each rotor slot dis- 
placement. Therefore for an induction motor with N,. rotor slots, the stator inductance 
modulated by the rotor slotting saliency will appear as N,. cycles per revolution. The 
geometry of the rotor laminations have a large influence. Only rotors with open or 
semi-closed slots shows significant slotting modulated inductance variation[43]. Also 
skewing of the rotor slots will reduce the saliency effect. If the skew angle happens to 
be one rotor pitch, the rotor slot saliency will reduce. This saliency is tied directly to 
the angular position of the rotor[15]. 
3. Designed asymmetry. Besides these inherent asymmetric properties, it is also pos- 
sible to introduce some engineered saliency in order to enhance the position depen- 
dent variation. The leakage inductance variation is increased in [11] by changing the 
widths of the rotor slot openings. A "double-cage" motor with designed rotor resis- 
tance variation has been proposed in [44] , which is independent of the main flux and 
load conditions. 
2.2.2 Saliency Tracking by High-frequency Signal Injection 
The basic idea is to superimpose a high-frequency signal on the fundamental electrical 
output of the inverter, and then to extract the position information from the measured 
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resultant signals on the motor side. For a high frequency signal, the stator leakage 
inductances are modulated by the saliencies existing in the machine. To detect the 
position signal through the saliency phenomenon, one can inject a high frequency 
voltage[40] or current [12] signal, and observe the corresponding current or voltage 
response. Due to the inherent limitations on the bandwidth of the current controller, 
voltage injection is mostly preferred and will be the only type of injection introduced 
in this thesis. 
2.2.2.1 Position Estimation by aß Rotating Injection 
In the aß injection method, a rotating voltage vector is applied in the stationary ref- 
erence frame. The three-phase voltage vector rotating at the high frequency o. k, as 
shown in (2.8), is generated, and added to the fundamental voltage output. 
uc = ucejwlt (2.8) 
Its resultant current vector i, with the injection frequency m, will appear in the mea- 
sured stator current vector, which is modulated by the machine saliency The current 
response in the aß stationary reference frame is[44]: 
ica Lacos(o)ct) +OLcos(29, 
- 
o)ct) 1- (2.9) 
icß wcLadLae Lasin(c)ct) +ALsin(20, 
- 
cost) 
where Lad, Laq, La and AL are the same as defined in (2.7). 
This can be written as 
is 
= 
uc (L0eMI 
+ LLei(-OVt+20. )) = icp ý- icn (2.10) 
c)cLQdLQ9 
This shows that the current response to the high frequency rotating injection comprises 
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two components with opposite rotating directions. The current component rotating in 
the negative direction i, carries the rotor position information. i, has a magnitude 
much smaller than that of the component rotating in the positive direction is 
,. 
Further- 
more all the current signals at the injection frequency are hidden in the much stronger 
fundamental stator current and the switching harmonics. Many methods have been 
proposed for the demodulation of the rotor position signals from the measured stator 
currents[11,44,45]. 
A heterodyning demodulation strategy is used in [44]. The responding currents are 
separated from the measured stator currents by band-pass filters. Then this strategy 
filters the current response on the estimated reference frame synchronous with the 
negative rotating current vector, which is: 
c ej(20, -2e, )) X2.11) 1, e-j(2e, -wr) = cocucLdLq 
(LeJ(20)cr_2Or) 
+OL I 
This transformation allows the negative current component with rotor position infor- 
mation to be extracted by a low pass filter, obtaining: 
UAL 
ej(28r-26r) (2.12) 
cocLdLq 
The rotor position estimation error can be obtained from the imaginary part in (2.12), 
which is then used to drive a position and speed observer. This strategy is shown in 
Fig 2.5. 
Another mechanical observer with this heterodyne demodulation scheme is proposed 
in [11 ] for improving the dynamic performance. Synchronous reference frame filters 
are also proposed to filter off the undesired components in the stator currents [46]. 
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Figure 2.5: Position and speed observer including heterodyne demodulation technique 
2.2.2.2 Position Estimation by d-axis Injection 
Another high frequency signal injection method relies on a pulsating carrier signal that 
oscillates along a specific synchronous direction, normally along with the estimated 
d- axis. This idea was initially proposed in [12] with a current signal injection, but 
the alternating voltage signal is more applicable. The pulsating high frequency voltage 
signal as follows is superimposed in the estimated cl 
-axis: 
Fud 
uC 
sin(C)ct) 
= 
(2.13) 
Luy 0 
Due to the main flux saturation saliency of the machine, the trajectory of the resulting 
current vector deviates from that of the injected voltage vector. The pulsating current 
response on the estimated q- axis is proportional to sin(2/9d), which can be used to 
obtain the orientation angular error between the estimated d-q axes and the actual 
d-q frame directed by the saliency position[47,48,49]. The angular error is then 
used to drive the tracking observer to obtain the saliency position angle. 
A measurement frame, displaced spatially 45° from the estimated flux reference frame 
d-q, was proposed in [50]. Due to the saturation saliency in the motor, the stator 
impedance has its maximum value in the rotor flux direction and its minimum value 
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in its orthogonal direction. Assuming a symmetrical and sinusoidal distribution of the 
high frequency stator impedance, the orthogonal pulsating current components in this 
new reference frame should have the same amplitude if the estimated frame ct 
-q is 
correctly oriented with the flux position. Thus the difference between the amplitudes 
of these two current components in the measurement frame can be used as the error 
signal for position orientation. 
Based on d-axis pulsating signal injection, various signal demodulation techniques 
have been developed. In [49], the pulsating current response is extracted by the fast 
Fourier transform (FFT) algorithm. A closed-loop tracking observer that corrects the 
estimated field angle at each sampling cycle of the current controller is given in [48]. 
This has the advantage of being independent from any machine parameters. In [51] 
a big improvement is obtained by using the measured pulsating current itself as the 
reference signal for the demodulator, instead of using the injected voltage. In this way 
both the estimated signal and the reference signal undergo the deadtime and nonlinear 
distortions of the inverter, and thus the resulting position signal should be free from 
these effects. 
2.2.3 Saliency Tracking by Voltage Vector Excitations 
Driven by a PWM inverter, the machine is under repetitious step-like high voltage 
pulses, which naturally provide high frequency excitations for exploiting the inherent 
saliency in the machine to obtain the position information. The switching pulses have 
much higher amplitudes than that of any injected high frequency signal. The transient 
flux generated by the PWM excitations can exhibit high rate of change. The transient 
fluxes link with the stator windings and contribute to the total leakage flux which is 
used for tracking the saliency modulated leakage inductances. 
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2.2.3.1 Transient Excitations Using Additional Test Vectors 
The method denoted as INFORM (Indirect Flux Detection by Online Reactance Mea- 
surement) is described in [13]. Its principle and technique is widely accepted by re- 
searchers due to its easy implementation and good results. 
The transient current response resulting from the voltage space vectors depends on 
the inverter switching state, the DC link voltage, the stator resistance, the back emf, 
and the phase leakage inductances. The relationship can be represented by the stator 
voltage equation: 
uS = rsis+1 
dis 
dt +e 
(2.14) 
where u, and is are the stator voltage and stator current vectors, e is the back EMF 
vector, and rs and I are the stator resistance and stator total inductance. For each 
voltage vector applied on the machine, u, is always taken as the DC link voltage. 
The DC link voltage can be assumed constant during normal operation. If the ef- 
fects caused by the back emf and the voltage drop on the stator resistances can be 
eliminated, the effect of the saliency modulation on the leakage inductances will be 
reflected by the measured current changes. INFORM solves this problem by inserting 
a pair of test vectors in opposite directions on the voltage phase plane, within a null 
vector of one PWM period. Their total effect on the output voltage is zero. Assuming 
the stator current and back emf values are unchanged during these two adjacent test 
vectors, the influence from back emf and resistive voltage drop can be easily cancelled. 
Three pairs of test voltage vectors are applied to achieve one sample of the position es- 
timation, assuming the rotor position is not changed in their operating periods, which 
is reasonable at low speed range. The current rate of changes during these test vectors 
are sampled. After some manipulations of the voltage equations, the saliency position 
signal, defined by a rotating position vector p, can be obtained from the measured 
current derivative values. 
CHAPTER 2. SENSORLESS CONTROL OF AC MACHINES 30 
In [52] a method was proposed using the same test vectors as INFORM 
, 
but the 
position estimation is achieved from the measured zero sequence voltage of a star- 
connected machine, avoiding the numerical calculations of the current derivatives. 
The back emf and resistive voltage drop are also cancelled by applying the opposite 
test vectors. This method requires the star point be available allowing the measure- 
ments of the phase voltages. A similar scheme exists for a delta-connected machine 
as explained in [53]. The zero sequence currents are measured for the position esti- 
mation, and in this case the six wire leads must be brought out from the motor. 
Further development of the INFORM method have been carried out by the same group 
of researchers. Reference [54] concerns the estimation accuracy under different load 
and speed conditions, and the direct axis current is utilized for improvement, which 
also makes the INFORM-based method applicable to symmetrically constructed ma- 
chines. The current deviation is analyzed during INFORM measurements in [55] and 
the INFORM vector sequence is modified in order to get the reduced current devia- 
tion. The new sequence for position estimation inhibits four vector states and leads to 
a symmetrical current deviation. 
Theoretically, INFORM is only applicable for position estimation in the low speed 
range, because the inactive vector carrying the test vectors will become shorter when 
the speed increases. The combination of the saliency tracking and fundamental model 
has also been proposed. In [56] the voltage model is stabilized by the transient signal 
obtained from the INFORM scheme at low and zero frequency range, and the model 
based estimator will work independently at higher speed. 
2.2.3.2 Transient Excitation Integrated with the Fundamental PWM Sequence 
As the sensorless control methods are based on the transient excitations of the switch- 
ing vectors, it is possible to integrate the transient excitations into the fundamental 
PWM scheme, which can enable a comprehensive controlling system. Integration 
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also has the advantages in terms of the current ripple and acoustic noise. However, the 
main difficulty of using the standard PWM for the sensorless transient excitations is 
that the excitation state should always have enough duration for the di/dt samplings. 
This is due to the presence of the stator current ringing, which is required to settle 
down before a measurement is taken. 
Reference[57] indicates the area on the voltage phase plane where the standard PWM 
sequence needs to be modified for enough excitation. The low frequency and the sec- 
tor crossing regions are highlighted on the phase plane. In this paper, when the PWM 
modulation index is low, separated test vectors are applied in the same ways as IN- 
FORM. If the modulation index increases and the inactive state becomes insufficient 
to carry the test vectors, the active vectors in the standard PWM sequence are used for 
the excitations. Extension of one active vector and the compensation by its opposite 
phasor are also introduced. But the construction of the position signals are not clear. 
The reduction in the current THD of the proposed integrated methods compared with 
that of INFORM using separated test vectors is also noted in [57]. 
In [58] the relationship between the position vector and the measured current deriva- 
tives in the low speed range is described. Two tables are set up for both star- and 
delta-connected machines. An extended modulation scheme is proposed, replacing 
the 60°sectors with the newly defined 120° sectors. However, the extended modula- 
tion cannot solve the problem of di/dt sampling in the low speed range, and hence the 
compensating vector states are still needed. 
A sensorless control scheme applicable across the whole speed range and using only 
the standard PWM switchings without addition test vectors was proposed by the au- 
thor's research team in [14]. The two active vectors in one standard PWM cycle 
are used for the excitations. The back emf and resistive voltage drop in the voltage 
equations are cancelled by utilizing the measurements during null vectors, 
instead of 
adding opposite test vectors. The current derivatives during the, inactive vectors 
in 
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the same PWM cycle are sampled. In cases where the standard PWM needs to be 
modified, the active vectors in the first half PWM period are extended and the com- 
pensation is made in the second half period. This method simplifies the extension and 
compensation by just shifting the switching edges. In this method, no additional test 
vectors are inserted and the sensorless control can be realized over the whole speed 
range. 
A closed trace of the current response with the saturation saliency modulation is de- 
scribed in [59]. This combines the geometrical and mathematical estimation results in 
the six excitation sectors. The excitation necessary for the sensorless control schemes 
are integrated into the fundamental PWM, by introducing hysteresis control near the 
sector borders. But the sampling process is not clear, especially if the machine is run- 
ning at low speed with light load when both active vectors are not wide enough for the 
di/dt sampling. 
A novel technique that exploits the nature of the switching signals inherent in the 
PWM inverter output voltages is presented in [60]. The author investigates the 2"d 
PWM switching harmonic, the strongest high frequency carrier signal, and uses its 
excitation for the position estimation. The 2nd PWM carrier harmonic is described as a 
pulsating vector rotating almost synchronous with the fundamental voltage vector. Its 
resultant current is identified and then used for detecting the position signal underlying 
the stator impedance. In [60] this technique is used on an induction motor with a rotor 
slotting saliency. Further research confirming its feasibility is still required. 
2.3 Problems with the Saliency Tracking Methods 
Both the high frequency injection and the inverter voltage excitation techniques achieve 
good results for closed-loop control. However, there exist some aspects of concern and 
problems under further investigation. These are described as follows. 
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Problems arising from inverter non-linearity 
For the methods based on high frequency signal injection, one main limiting factor in 
their accuracy is non-linearity of the power inverter. The high frequency currents can 
be distorted by the dead-time and the device voltage drop. Some inverter nonlinearities 
can produce a fictitious saliency, whose origin is not in the machine. An increase in 
the injection voltage amplitude would reduce the inverter's distorting effects, but it is 
only restricted in a small range or may not be applicable. Compensation schemes are 
always required[61,62,63]. Using converters with better switching characteristics, 
such as a zero deadtime matrix converter, is another way to improve the accuracy of 
rotor position estimation[64]. 
For the transient excitation based method, the influence of the nonlinear behaviour 
of the power converter is not obvious. The inverter deadtime adds an asymmetrical 
deviation to the machine current during the PWM pulse sequence, but its effect can 
be easily avoided by tuning the di/dt sampling instants[65]. Additional effort is not 
necessary when using machine without distinct nonlinear properties. 
Problems Arising from Multiple Saliencies 
One challenge of the position estimation through saliency tracking is that not more 
than one single saliency exists in the machine. When the dominant anisotropy is 
tracked, the influences from other saliencies and their non-sinusoidal distributions be- 
have as the disturbances on the estimated results. A model for the AC machine includ- 
ing multiple saliencies is built up in [10]. This model represents these saliencies by a 
Fourier series summation. Incorporating the multiple saliencies, some modifications 
of the tracking observer are provided to improve the estimation accuracy. Three main 
spacial saliencies present in an induction motor are identified in [66]. They are from 
the saturation, the rotor slotting and the lamination material. The influence from the 
operating point of the machine, such as the flux level and the loading condition, on 
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the leakage inductance variation are evaluated in [67]. Also, the saliencies can come 
from other causes, such as the discrete nature of the machine windings, nonlinear 
magnetics, manufacturing asymmetries, and so on. 
The phenomenon of multiple saliencies interferes with estimation accuracy, dynamic 
performance and robustness of all the saliency tracking methods. Different schemes 
have been published for reducing the effects from the harmonic saliencies[68] [41 ] [69], 
and significant improvement of the estimation result has been achieved. However, it is 
hard to properly incorporate and model all the saliencies present in the machine. Most 
schemes need offline commissioning process. Further investigations are being carried 
out to suppress the harmonics precisely and quickly. 
Problems Arising from Signal to Noise Ratio (SNR) 
SNR is the power ratio between a signal and the background noise. For the method 
based on high frequency voltage injection, the resultant current signal useful for posi- 
tion estimation is buried in the large stator current and other high frequency compo- 
nents. SNR is proportional to the amplitude of injected voltage signal. Larger SNR 
results in easier demodulation and better estimation results. Especially for the surface 
mounted PM machine, larger excitations are required because of its small saliency 
signal. But the increased injection signal amplifies the torque ripple, the power losses, 
and the acoustic noise. Compromise has to be made. For the method based on transient 
excitations, the high voltage pulses ensure sufficient excitation. Noise interfering with 
the position estimation mainly comes from the di/dt measurement. The sampling of 
the current transient signal needs to avoid the high frequency oscillations caused by 
the switching, which can cause the estimated position signal to deteriorate. The di/dt 
sensor property and the signal processing schemes influence the SNR. For both meth- 
ods, the random noise picked up in the sensorless control process can be reduced by 
filtering [70] or by using an observer [10], but the cost is reduced bandwidth. 
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Problems Arising from Current Derivative Sensor. 
The methods based on high frequency signal injection, detect the corresponding high 
frequency currents through the data processing of measured stator currents. For the 
methods based on the PWM transient excitation, the resultant current transients need 
to be measured. Specific current derivative sensors are usually employed instead of 
sampling currents and making differentiation. This is due to the measurement preci- 
sion and the sampling frequency. When building a sensorless control system, suitable 
di/dt sensors should be selected or designed considering the high signal-to-noise ra- 
tio, the linearity in the desired frequency range, the cost, and the compact installation. 
Problems Arising from Current Ripple. 
When injecting a high frequency signal or modifying the PWM waveforms for dildt 
sampling, the sensorless control schemes may introduce some level of deviations or 
ripples on the stator currents and also cause audible noise. These ripples reflect on the 
output torque or flux, which reduce the stability. Reducing or avoiding these current 
ripples is a big concern. 
Problems Arising from Detection of Initial Position 
For the PM machine drives, a particular problem is to determine the initial absolute 
position and the polarity of the rotor from the standstill condition. Several estima- 
tion techniques have been used for estimation at standstill. Some of them detect the 
saliency using revolving[71] or altemating[72] carrier injection to detect the magne- 
tization axis, and the polarity is exploited from the second harmonic in the carrier 
current. In [73], voltage pulses are applied that cause a slight rotation of the rotor, 
and the position and polarity are obtained from the current responses. But sometimes 
the consideration is that no electromagnetic torque is generated during this process. 
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The scheme will behave in a more precise and robust manner if the calculation is 
independent of the machine parameters. 
2.4 Conclusion 
This Chapter has reviewed the research in literature for sensorless control of AC 
drives. Two principal methods are identified: the fundamental model based meth- 
ods and the saliency tracking methods. Based on the mathematical model of an AC 
machine, the fundamental model based methods are briefly described. These are the 
MRAS method, the full-order observer method, and the Kalman filter method. These 
methods can achieve excellent performance at higher speed, but all fail in the low 
frequency range. 
The saliency tracking methods obtain the rotor position and speed at very low and 
zero speed. One technique to exploit the saliency effect in AC machine injects a 
high frequency signal into the motor, which can be either a rotating or pulsating volt- 
age/current signal, and measures the resultant current/voltage response. The other 
technique takes advantage of the transient excitations from the PWM switchings on 
the machine. By applying additional test vectors or utilizing the fundamental PWM 
sequence, the transient currents are measured for the position estimation. The prob- 
lems of saliency tracking has been discussed. 
This thesis will concentrate on the sensorless control based on the fundamental PWM 
excitation. A sensorless control AC drive is developed and applied to a surface mounted 
PM synchronous motor. The position and speed estimations are obtained from the 
measurements of the stator current transients, which are excited by the switching vec- 
tors of the inverter which provide the fundamental motor excitation. When di/dt mea- 
surements are difficult during some short vectors due to the high frequency switching 
oscillations, extensions of these vectors become necessary. In this research a new 
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extension and compensation scheme is proposed for the position estimation, which 
intends to further reduce the current distortions caused by the PWM modifications. 
The required minimum time duration of the vectors for di/dt measurement, tdmin, 
depends on the high frequency switching oscillations appearing on the stator current 
waveforms. In this research, the high frequency switching oscillations are studied. 
Some approaches are put forward to reduce the switching oscillation effect and thus 
decrease the requirement for the vector extensions. A novel modification is made on 
the IGBT gate drive circuit to provide changeable gate resistance and thus controllable 
IGBT switching dynamics, which can reduce the switching oscillations during the cur- 
rent transient sampling cycles. Specially designed di/dt sensors and the filtering and 
amplifying circuits are made to obtain the accurate current transient measurements. 
Saliency position information are then extracted from these di/dt signals. To ensure 
the estimated position and speed signals have good quality for the sensorless control, 
an adaptive disturbance identifier (ADI) and a mechanical tracking observer are de- 
signed to compensate for the harmonics and filter the noise appearing in the estimated 
position signals. After the proposed improvements, excellent sensorless speed and po- 
sition control is achieved for a surface mounted PMSM with a low structural saliency. 
Their performance is validated by experimental results. 
Chapter 3 
Position Estimation Using PWM 
Transient Excitation 
Saliency tracking is the most promising method of estimating the rotor/flux position in 
the very low speed range and at standstill. By using the transient excitations of PWM 
voltage vectors output from the power inverter, various methods have obtained satis- 
factory estimation results and realized high performance sensorless control. In this 
section, the main position estimation approaches relying on the PWM excitation will 
be described. 
3.1 Principle of the Position Estimation Using PWM 
Transient Excitation 
The stator impedance (mainly the leakage inductance) is modulated by the saliency 
existing in the motor. The three phase stator inductances with saliency modulation 
can be expressed by[13]: 
la 
= 
lp+Alcos(flancan 
38 
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lb 
= 
lo+ . lcos(nan(Oan 
- 
27r/3)) (3.1) 
lc 
= 
l0+Olcos(nan(Oan 
-47r/3)) 
where 10 is the average inductance, Al is the amplitude of inductance variation caused 
by the saliency and nan indicates the number of the anisotropy cycles for each revo- 
lution, e. g. n=2 for magnet saturation induced anisotropy and n= Nr/pp for rotor 
slotting saliency, etc. In this research, the anisotropy existing in surface mounted PM 
synchronous motor mainly comes from the magnet saturation effect. 
When an AC motor is connected to a PWM voltage source inverter, it is excited by a 
series of short voltage pulses to achieve the control of the machine's stator currents. 
These voltage pulses cause the transient changes of the armature currents. The dy- 
namic current response is determined by the DC-link voltage, three-phase transient 
inductances, back EMF and the stator resistances. By measuring the stator current 
transient response to these voltage pulses, the saliency position- can be tracked, be- 
cause the transient phase inductances are modulated by the inherent anisotropies of 
the machine. 
In this research, the star-connected surface mounted PMSM is driven by a voltage 
source inverter which employs the Space Vector PWM(SVPWM). SVPWM is one 
standard modulation scheme appropriate for DSP implementation [74,75]. It is char- 
acterized by low current distortion, high output voltage range and flexible control. 
This technique essentially makes decomposition of the reference voltage vector into 
basic voltage vectors realizable by a three-phase inverter. Each basic vector is in ac- 
cordance with one inverter switching state. As shown in Fig 3.1(a), the basic vectors, 
V1, V2, 
..., 
V6, representing the six active switching states of the inverter, and the null 
vectors, VO and V7, representing the two inactive states, separate the phase plane into 
six sectors numbered by I, II,..., VI. In each PWM cycle, the two active vectors adja- 
cent to the voltage reference vector and the two null vectors are applied in sequence 
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ensuring only one phase changing in each transition. The PWM sequence for a refer- 
ence voltage vector in Sector I is shown in Fig 3.1(b). 
tI 
TIT 
i1 
tt Val 
vi" 
11 
1V VI 
56 
V 
(a) 
PN'M_A 
I 
PwM 8". 
ýýýJii 
PWM C 
VO ý; v, n, Ti 2 pit 0 
TPWM 
(b) 
Figure 3.1: Space Vector Pulse Width Modulation technique 
A homogeneous rotor, with only the saturation saliency oriented at the angle of San, 
is taken as an example in this investigation. According to the equivalent stator phase 
circuit, the three-phase stator voltages are expressed as: 
Ua =Tars+la 
dia 
dr 
+ea 
dib 
Ub = ihrs+lb dt +eb 
(3.2) 
dig 
uc = icrs+lc dt +ec 
where ua, b, c are the stator phase voltages, ia, b, c are the stator phase currents, la, b, c are 
the stator inductances, rs is the stator resistance and ea, b, c are the back EMF voltages. 
The phase voltages, ua, ub and uc, are output from the inverter. At low speed, the 
back EMF and resistance voltage drop are very small in these equations and can be 
eliminated by schemes described later, and so they will not be included in this analysis. 
Thus the resultant current transient response is a function of the leakage inductance 
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values, which is modulated by the saturation saliency as (3.1). 
When VI is applied to the surface mounted PMSM, the three-phase voltages ua, b, c will 
be +3 Ute, 
- 3 Uý and -3 Uj respectively. If the resistance voltage drop and the 
back-EMF items are neglected, the resultant phase current derivative components will 
take the direction along the phase voltage vector, as shown in Fig 3.2(b). However, 
for any given rotor position 9,., the saturation saliency modulates the stator leakage 
inductances and thus displaces the current derivative vector. The resultant current 
derivative components move along the circles indicated in Fig 3.2(b) with the circle 
centred situating on the basic vector axes. The circle radius depends on the values of 
Al and 10. The waveforms of the di/dt signals will reflect both the applied voltage 
vectors and the inductance changes modulated by the saliency effect. 
i` A 
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r, 
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Figure 3.2: Stator circuit and the current transients under the excitation of V1 with the 
saturation saliency effect 
When other switching state vectors are applied, similar results exist. Under the same 
operating conditions, i. e. the same machine parameters and the same load level, the 
three circles will only shift between different switching axes with their radius un- 
changed. This can be clarified by Fig 3.3, which shows the cases when V2 and V3 
ýC' 
.B 
C 
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are applied respectively. In order to extract the saliency position angle 9a from the 
current transient signals, two voltage vector excitations in the known but unaligned 
directions are enough, because the exact values of the circle centre coordinates and 
the circle radius are not necessary. 
13 
-C 13 -C G
A 
($) (b) 
Figure 3.3: Current transients under the excitation of (a)V2 and (b)V3, with the satura- 
tion saliency effect 
3.2 Sensorless Control Methods Using PWM Transient 
Excitations 
3.2.1 The INFORM Method 
The INFORM (Indirect Flux Detection by On-line Reactance Measurement) was the 
first proposed method to use PWM voltage vectors excitations and then to measure the 
current transient responses for tracking saliencies in the electric motors[13]. 
A 
When the active switching vector VI is applied on the star-connected machine, the 
connections of the stator windings with the DC link is shown in Fig 3.2(a). According 
C 
-B V.; .ß 
CHAPTER 3. POSITION ESTIMATION USING PWM TRANSIENT EXCITATION 43 
to this circuit, the stator line voltage equations are written as: 
+ea) 
_ 
(iýI)r$ lbdlb 
-I-eb) UDC _ (ia rs-Fladia(l) dt dt 
d(') (') 
-UDc = (i(l)rs+lcdr +ec) 
- 
(ia(l)rs+laddt +ea) (3.3) 
idice 0= (ib1)rs-I-lb ddt +eb) 
- 
(lc 
rs-f-lc dt 
+ec) 
where the subscript (1) denotes quantities during the switching vector VI. 
Similar equations can be derived when its opposite switching vector V4 is applied: 
(4) (4) 
-UDc = (iý4)rsý-la_ 
-I-ea) - (iti4)rs-I-lbdib +eb) dt dt 
UpC=($4)rs+jcdtc4) +eý)-(iä4) rsý-ladta4) +ea) (3.4) dt dt 
d . (4) 4 diý4) 
_ 
(tb4)rs+lb 
dt 
+eb) 
- 
(ic )rs+l, 
dt +ec) 
where the subscript (4) denotes quantities during the switching vector V4. Comparing 
the equations for VI and V4, (3.3) and (3.4), the relationship between the transient cur- 
rents and the stator inductances can be achieved after eliminating the resistive voltage 
drop and back-EMF voltage: 
dial) 
_ 
d. (4) diel) diti4) 2Uý 
= 
la( dt dt )-lb( dt dt 
diel) 
_diý4ý 
dials 
- 
dia 3.5 2Upc_lc( dt dt)_la( dt dt ( ) 
lb(dib(l) 
- 
di(4) 
-i 
di(l) 
- 
di(4) b(cc) 
dt dt \ dt dt 
Considering 
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dia 
+ 
dieký 
+ 
di`' 
=0 (3.6) dt dt dt 
k= 1,2 
..., 
6 
(3.5) and ( 3.6) yield 
falb + lblc + lcla diý' diý4) 
2U°C (3.7) 
lb + Ic dt dt 
The current derivatives are expressed by 
dia(l) 
_ 
diý4ý 
_ 
lb+l1 2Uj (3.8) 
dt dt lalb+lblc +lcla 
Substituting the inductance phasor in (3.8) with the inductance phasor with saliency 
modulation as (3.1) yields 
di(l) 
_ 
di(4) 
_2 
Al 
. 
9) 
dt dt -g 
(2 lo cos (nan San» (3 
3l0(1- (L l)2) 
where g= UDC 
Similar equations can be obtained when the other two pairs of opposite switching state 
vectors, V2 and V5, V3 and V6, are applied: 
dic(2) di(5) 2 Al 
dc dt =g 
(2 
- lo cos(nan(6an - 4n/3))) (3.10) 
and (3) (6) di(3) dib 
_ 
2(2--cos(nan(ean-2n/3))) (3.11) 
dt dt g 10 
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A position vector p is defined as 
P= Pa + aPb + a2 Pc (3.12) 
where 
Al 
0g 
(1 di(4) 
Pa = cosnanOan =2-2(! 
L 
dt dt 
(3) (6) 
Pb = 
Al 
cosna(6an 
- 
2n/3) 
=2-2 (ddr 
dt) (3.13) 
g 
(2) (5) 
Pc = 
ýlcosnQ(9an 
-4n/3) = 2- _(dic - 
! L) 
10 2 dt dt 
For this position vector (p = pa + apb + a2Pc = pa +j Pp ), its orthogonal compo- 
nents pa and pß can be derived free from the offset value, +2, which appears in the 
expressions of pa, Pb and p,: 
1g dia dia4' die3ý di66' diý_ diýsý 
Pa =Pa- 2(Pb+Pc) -2(( dt dt 2( dt dt 2( dt dt 
(3) (6) d. (2) di(5) 
Pß 
ý(Pb-Pc)= ý'(-g)'((djb 
-dtb )-( c-c )) (3.14) 222 dt dt dt dt 
Furthermore, the saliency position angle can be obtained by the following equation, 
cancelling all of the unknown coefficients and only relying on the current derivatives: 
Oan 
=1 tan-1(pß (3.15) 
nan Pa 
The position vector and the position angle are computed online from the measured 
current derivatives. For every sample of the position estimation, three pairs of the 
opposite switching state voltage vectors must be applied to'the machine. In INFORM 
method, these opposite test vectors are added during the dwelling time of the null 
vectors (Va or V7) of the PWM cycles. 
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However, there always exist the high frequency current oscillations after each switch- 
ing instant. The current derivatives can be measured accurately only after these high 
frequency switching oscillations die out. Thus the added voltage vectors must meet 
the minimum vector duration The null vector in one PWM cycle may not pro- 
vide the width enough for all the test vector pairs. Assuming the rotor or flux holds 
the same position over several successive PWM periods, these three vector pairs can 
be applied in three consecutive PWM cycles as shown in Fig 3.4. These opposite state 
vectors can not only cancel the influence of the resistance voltage drop and hack EMF 
influence, but also keep the mean output voltage unchanged. 
PWM P 
PWM E 
PW i( 
di+'`dt sampling signal 
1111II 
Truro 
-ý E Tand ----ý E Trwra 
Figure 3.4: PWM sequence of INFORM method 
An improvement of the INFORM measurement sequence is proposed in [55]. The 
PWM sequence in one PWM cycle is shown in Fig 3.5. The transient current responses 
are measured during the switching states II and III, and used for the position estimation 
as discussed above. Two more inverter switching states, I and IV, are added, in order to 
get a symmetrical current deviation and to reduce the current ripples[55]. The vectors 
in state I and IV have half width of the vectors in state II and III. The average voltage 
applied by the test vectors is still equal to zero. In its neighbouring PWM cycles, V2 
and V5, V3 and V6, are applied respectively in the same way. 
The INFORM method is not applicable over the whole speed range. At higher speed 
the duration of the null vector reduces and becomes not enough to integrate the test 
vector pairs. The application of the opposite test vectors in the INFORM method 
needs the switching of two IGBT legs at the same time, and thus inevitably introduces 
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V4 vi v4 Vi 
rwM. M 
PWM B 
PWM c. 
di. dt sampling signals II 
Figure 3.5: PWM sequence of the improved INFORM method 
voltage transients of twice the DC-link voltage. This may causes increased common 
mode currents and puts extra stress on the insulation between the windings of the 
machine[76]. 
3.2.2 Position Estimation Using Zero-Sequence Voltage or Cur- 
rent 
This inductance imbalance caused by the saliency effect will introduce a zero-sequence 
component, i. e. a zero-sequence voltage in a star-connected machine or a zero-sequence 
current in a delta-connected machine, which also provides the information of the ro- 
tor/flux position. 
3.2.2.1 Position Estimation from Zero-Sequence Voltage in a Star-connected 
Machine 
As discussed above, the stator voltage equation exsits as 
us=ris+ldt 
di, 
+e (3.16) 
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The sum of the back EMF voltages in three phases is zero, i. e. 
ea+eb+ec =O (3.17) 
For a star-connected machine with no neutral connection, the line currents, always 
satisfy 
is + ib + ic 
=0 (3.18) 
and accordingly 
dia dib dig 
d+ är + dr -o 
(3. i 9) 
The zero-sequence voltage in a star-connected machine is defined as 
Uo = Ua + Ub + Uc (3.20) 
From (3.16) and (3.18), the zero-sequence voltage can be expressed as 
uo = ladia +l6din +lcdi, (3.21) dt dt dt 
To track the saliency position, the method proposed in [43] investigates uo when spe- 
cific switching vector is applied. For example when VI is applied, the stator voltage 
equations are written similar to (3.3): 
() di(l) (I) di(I) UDC 
= 
(ialrs+la 
dt +ea) - (ib rs+lb dt +eb) 
-UDC _ (M)rs+lc- - +ec) - (iö1)rs+la- +ea) 
0= (itil) rs+lbddt +eb) 
- 
(i$l)rs+lc- +ec) 
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Using (3.3) and the balanced equations of (3.17), (3.18) and (3.19), the zero-sequence 
voltage u0(') can be written as as 
u( 0 1) = 
la(lb+lc)-21b1c 
. 
Unc lalb+lblc +lila 
+ 3lali(ec( 
' +rsiC('))+lblc(ea(l)+rsia(l))+lcla(ea(l)+rsii')) (3.22) 
lalb+lblc +lcla 
Similarly, uo under the excitation of V4 can be derived as 
(4) 
__ 
la(lb + lc) 
-2lblc 
u. (-UDC) lalb+lblc+lcla 
la1b (e 4) + rsic4)) + lblc (eä4) + rsi(4)) + lcla (eä4) + rsia4) ) 
+ (3.23) lalb + lblc + lcla 
The equations for uoli and u(4) are similar but only with UDC reversed. The second 
terms of (3.22) and (3.23) represent the effect of the back-EMF and resistance voltage 
drop on the zero-sequence voltage. These can be eliminated by combining (3.22) and 
(3.23), and it yields 
lalb + lcla 
- 
2lblc 
UOa = Uo - U0 = 2Uý lalb + lblc + lcla 
(3.24) 
where uoa is the zero-sequence voltage obtained from uol) and u(4) after eliminating 
the back-EMF and resistance voltage drop. Considering the inductance equations of 
3.1,3.24 can be finally written as: 
201 Uý (3.25) Ul =1 cos Irian can 
0 
Similar calculations can be carried out when the other two pairs of opposite switching 
state vectors are applied, i. e. 
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U Ob u(2) - u(5) = 2U 
lalb+lclb 
- 
2lcla 
00 ýC lalb+lblc+lcla 
= 
2, LlUDC 
cos(na(Oan 
- 
43 )) (3.26) 
0 
and 
(3)- (6) 
- 
laic+lclb-2lalb 
uoc = U0 uo 2Uý lalb+lblc +lda 
= 
2LlUDc 2n (3.27) 
l0 cos 
(nan (ean 
-3 )) 
The three balanced signals, uoa, uob and u&, can be combined to give an anisotropy 
position vector[43]: 
P (Oan) = Pa + aPb + a2pc = uoa + auob + a2uoc (3.28) 
Since U1 is regarded as constant, p only changes as a function of the total leakage 
inductances. The position vector p directly reflects the saliency position angle San 
without any DC offset[43]. As clarified in Fig 3.6, the line-to-line voltages output from 
the VSI, Uab, ubc and uca, are three-phase balanced, and the zero-sequence voltage 
vector uo exists due to the unbalanced three-phase impedances and rotates with the 
anisotropy position angle 6a,,. 
To implement the position estimation method using the zero-sequence voltage, the 
opposite test vector pairs are also applied during the null vectors in the fundamental 
PWM sequence. However, the zero-sequence voltage for estimating the position sig- 
nal is only available in a star-connected machine, and the star point of the machine 
must be accessible for measurement. 
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uca 
Figure 3.6: Zero-sequence voltage caused by the saliency in the star-connected motor 
3.2.2.2 Position Estimation from Zero-Sequence Current in a Delta-connected 
Machine 
As an equivalence to the zero-sequence voltage in a star-connected machine, the zero- 
sequence current in a delta-connected machine also can be utilized for the estimation 
of the rotor/flux position[53]. When the switching vector V1 is applied to a delta- 
connected machine, as shown in Fig 3.7(a), the stator phase voltage equations are: 
UDC 
= iae r. +1. 
diýb 
+eä1 dt 
-UDC=ic(ä)rs+lc- +e(l) (3.29) 
0= ibccr +1b 
diýýý 
dt +eb') 
Under the excitation of V4, as shown in Fig 3.7(b) there exist similar stator voltage 
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equations: 
4 
-UDC-iätirs+lQ! 
N 
+ea4) 
. 
(4) 
UDC 
= 
icärs + lc 
ddt 
+ e(ca) (3.30) 
a di(4) 0= ibc) rs + lb dt + eba) 
Equation(3.17) still holds true, and the effect of the back EMF and resistance voltage 
drop can be eliminated by combining (3.29) and (3.30). The zero-sequence current is 
defined as 
ip 
= 
lab+ibc+Zca (3.31) 
Therefore, the zero-sequence current derivative during the switching state vector pair 
of VI and V4, can be derived as: 
(1) (a) dia di(0 
_ 
UDC(1 
- 
1) (3.32) 
dt dt T. 1, 
Referring to 3.1, this equation can be simplified as: 
diolý dio4ý 
_ 
UDc_l 4n 
dt dt 101 
(cos(nan(Oan 
- T» - Cos(nan Oan) (3.33) 
Similarly the zero-sequence current derivative for the other switching vector pairs are: 
di(03) dio6) 
_1_ 
1) 
dt dt Uýc(ib la 
U 1A1 2 
= 
(cos(nanOan) 
-cos(nan(Oan -3 )) (3.34) 2 
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and 
di(5) di(2) 11 
_ dt dt UDC(-11 16) 
=v 
gl (cos(nan(ean 23 )) 
- 
cos(nan(ean 
- 
43 ))) (3.35) 
Thus the position vector is then derived [53] by: 
_, 
dials di (4) dio3) 
_ 
di(6) 2 dios) di(2) 
dt dt +a dt dt +a dt dt) (3.36) 
from which the anisotropy angle can be estimated as explained. 
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Figure 3.7: (a) Delta-connected machine under the excitation of VI and V4; (b) Zero- 
sequence current caused by the saliency 
The current vectors that exist in the delta-connected machine are shown in Fig 3.7(c). 
The zero-sequence current vector is rotating with the anisotropy position angle 9a, ß. 
Again, three pairs of opposite test vectors are required to obtain the position vector. 
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The implementation of the test voltage vectors is similar to that of the INFORM and 
[43]. However, normally the phase currents are not accessible for the delta-connected 
machine. In order to estimate the position signal from the zero-sequence current, both 
terminals of each phase winding should be made available. An external connector 
may have to be used. 
3.2.3 Position Estimation based on the Fundamental PWM Se- 
quence 
The INFORM method and its descendant methods have verified that the PWM voltage 
vectors can be used as the excitation source for saliency tracking, but they all require 
additional test vectors added in the fundamental PWM sequence [13,55,43]. These 
test vectors can result in additional high frequency noise, extra phase current ripple, 
and an increased switching frequency for the power devices. Inserting test vectors 
during the dwelling time of the null vectors is only applicable in the low speed range. 
Therefore some researchers have attempted to integrate the test vectors within the 
standard PWM sequence generated by the AC drive controller[ 14,60,57]. 
3.2.3.1 Main Rules For the Position Estimation from PWM Transient Excita- 
tions 
It has been claimed that using only the standard PWM sequence is possible in principle 
to estimate the rotor position [14,60,57]. However, the schemes based on PWM 
voltage vector excitations have to meet some demands proposed by the estimation 
method and the limitations of the implementation. 
1. The transient change of the armature current is determined by the DC link volt- 
age, the phase reactances, the back EMF, and the stator resistance, as related in the 
stator voltage equation (3.2). The DC link voltage is regarded as a constant. In or- 
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der to estimate the position signal from the measured three-phase current transient 
responses, the influence from the back EMF and the stator resistance voltage need to 
be eliminated. The INFORM method and its descendant methods solve this problem 
by measuring the current derivatives for a pair of opposite test vectors. Some methods 
neglecting the resistance voltage drop and the back EMF due to their low values at 
low speed, can be used only in a quite limited speed range[58][43]. 
2. The immediate measurement of the current derivatives is impeded by the high fre- 
quency switching noise, which arises from the parasitic circuit of the power electronic 
devices, the electromagnetic interference circuits, the measurement system, the con- 
nected machine, etc. The width of the voltage vector used for position estimation 
should always meet the minimum vector duration td, ni,, which causes the difficulty of 
integrating position estimation within the fundamental PWM sequence. 
3. When the position estimation scheme is integrated with the normal fundamental 
PWM sequence, it should not change the desired output voltage vector. The opposite 
test vectors in the INFORM method and its descendant methods cancel their additional 
effect. 
4. To obtain one sample of the position estimation, transient currents for more than 
one active vectors are measured. For one position estimation, the rotor/flux position 
should be assumed constant over the period when these vectors are applied. 
5. No matter which method is applied, the additionally introduced current distortion 
should be kept as low as possible. The additional current ripple may appear on the 
torque axis, which can interfere with the smooth operation of the machine. Severe 
current distortion even brings about adverse effects on the mechanical system. The 
audible noise also increases when the larger current ripple that present. 
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3.2.3.2 Principle of the Position Estimation Only Using the Fundamental PWM 
Sequence 
In every fundamental SVPWM period, there exist two non-aligned active vectors and 
two null vectors being applied symmetrically. Theoretically the voltage vector exci- 
tation required by the position estimation schemes can come from the vectors defined 
by the standard PWM sequence. The method proposed in this research makes a refer- 
ence to the analysis in [14]. In this section the proposed method will be described by 
providing the solutions to the rules listed in 3.2.3.1: 
1. An effective and simple method is provided in [14] to eliminate the influence from 
the stator resistance voltage and the back-EMF. Instead of using opposite test voltage 
vectors, this method takes advantage of the voltage equations established for the null 
switching vectors applied on the motor. The transient excitations for position estima- 
tion are obtained from the active vectors defined by the fundamental PWM sequence. 
The current derivatives are measured during both active vectors and null vectors. 
The proposed method can be explained by taking the example when the the refer- 
ence voltage vector, us, is situated in Sector I on the phase plane. The fundamental 
SVPWM sequence in this case will be Vo --> VI -º V2 --> V7 -+ V2 --- VI --º V0, with 
symmetrical width. The following equations are established for the circuit excited 
under voltage vector VI, as shown in Fig 3.2(a): 
(l) dläl) (1) (1) diti) (1) UDC 
- 
(rsia ý-la dt +ea )- (rslb +lb dt +eb ) 
(1) dlc (1) (I) di' (l) 
-UDC _ (rsic +lc 
is 
+e` )- (rsla +la dt +e°) (3.37) 
U=(rsibl) 
-lbddt +e(l))-(rsi(l)+lcdt -Feel)) 
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Similar equations exist during Vo: 
(O) 
+ladiäý) +eQ°) 
_ 
(rsiti + lbd a +e(0» dt dt 
0= (ric°) 
-{- lc 
d iý°ý 
d + ec0ý )- (rsiä°) -F- lQ 
ddý) 
-I- e(0» (3.38) 
0= (r$zb +lbdI- 
-f-ee°» )- (ric°) +lCddo) -I-ec°ý) 
If Vo and Vl are applied consecutively in one PWM period, it is safe to assume that 
"(10) 
= 
la I ibýý = i6I) and i(0) = i(l 
), 
ea 
0) 
= eal), ee0) = eb and eý0) = ecl) , 
the terms of the back EMF and the resistance voltage drop can then be eliminated by 
combining (3.37) and (3.38), giving: 
dial) di(a°) lb+lc UDC 
dt dt lalb+lblc+lcla 
diel diti°) l1 UDC (3.39) 
dt dt lalb+lblc+lda 
dic(» 
_ 
dic°ý 
_ 
lb 
. 
UDC 
dt dt lalb+lblc +lcla 
Substituting (3.1) into (3.39) yields: 
dial) dia0) 1 Al 
dt dt = g(2 O 
cosnanOan) 
diem di(o) 
_1 
Al 4n 
dt 
b-g (1 + l0 cosnan (Oan - 3)) (3.40) 
dic(l) dig°) 1 Al 2n 
-(1 - lcosnan(ean - dt dt 03 
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3l0(1- (ILI 
0)2) where g= UDC 
The balanced position vector can again be defined as: 
and so 
P= Pa + apb + a2pc (3.41) 
= 10 
(cos(nanOan) + acosnan(Oan 
- 
23 
+ a2cosn (8 43 )) an an - 
dial) 
-lä) Pa=2-g( dt dt ) 
di(l) 
_ 
dig°» 
Pb = 
-1 -9( dt dt) (3.42) 
di (1) di(°) 
Pc 
_ 
-1- g( dt dt 
The position angle cannot be achieved from (3.42) alone, because the unknown coeffi- 
cients in the three phase position scalars cannot be cancelled. Excitation from another 
active voltage vector, non-aligned with Vl, is required. In sector I, V2 is the other 
active vector available. A group of similar position signals can be calculated from 
the transient currents during V2 and V7. The effect of back EMF and stator resistance 
voltage drop are cancelled in the same way. because V7 situates closer to V2 in the 
fundamental PWM sequence. The three-phase position scalars can be derived as: 
d . (2) d . (7) 
Pa = 
-1 +g(- dt dt 
dia2ý 
Pb=-1+g( dt 
di (2) 
p, =2+g( dt 
dd, ) (3.43) 
diC7) 
dt 
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The position vector can be constructed by selecting the position scalars with the can- 
cellable offsets from (3.42) and (3.43). Such as 
P= Pa + aPb + a2 Pc 
d . (2) d. 7) dich dic°) 2 dii1) di(O) 
_ 
(-1+g( dt 
- dt 
))+a(-1-g( Wt dt ))+a (-1-g( dt dt 
where the offset 
-1 in the position scalar equations can then be eliminated. 
The orthogonal components pa and pp are derived as: 
1 diet) d. (7) 1 dig') dig°ý 1 iel) dieýý 
Pa-2(Pb-I-Pc)=S(( dt dt )+(__)_2 ( dt dt )) 
V3- ditill 
_ 
die °l di( g) di( °) 
Pß -2 (Pb 
- 
Pc) =2X (( dt dt )-( dt dt (3.44) 
The position angle of the anisotropy can be obtained from (3.15). 
Similar derivations and conclusions exist when the reference voltage situates in other 
sectors. By measuring the three phase current derivatives during the two active vectors 
and the two null vectors in one PWM sequence, the saliency position can be estimated. 
2. The active vectors in the fundamental SVPWM sequence will not meet the re- 
quirement of the minimum duration td,,;, all the time, especially when the reference 
voltage vector has a low magnitude or when it is crossing the boundary between two 
sectors. One or both active vectors may be shorter than td, nj,,. In these cases, an exten- 
sion scheme is proposed. If the active voltage vector used for the position estimation 
is not wide enough, it will be extended to td, nj,,. In the extended active voltage vector, 
the current transients can be measured accurately after the high frequency oscillations 
have died down. The value of the minimum duration tdmjn is decided by the transient 
behaviour of the drive system. Chapter 4 will give a detailed description for the high 
frequency oscillations after the switching instants. 
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3. The extension of the active vectors will change the fundamental PWM sequence 
and thus change the final voltage vector achieved. To keep the voltage time area (VTA) 
unchanged, i. e. to keep the output voltage vector as the same, a compensation scheme 
has to be utilized. When one active vector is extended, one of its switching edges is 
shifted. It is found that, as long as the ON time of each IGBT bridge is kept the same in 
that PWM period, the total voltage vector applied will not be changed. One case of the 
extension of Vi to the minimum duration td, njn is illustrated in Fig 3.8. In Fig 3.8(a), 
the first switching edge of V, on phase A is advanced to make this Vi long enough to 
meet the minimum vector duration tart,;,,. In the second half of this PWM period, the 
other edge of the phase A is correspondingly shifted in advance the same distance, 
and thus the turn-on time of phase A, ta, is unchanged. If the other switching edge of 
V, on phase B is shifted, the PWM sequence is adjusted as shown in Fig 3.8(b). 
ýýý ýi ý: V ýi ýi ýiý 
(a) 
PWM_A 
tE 
Aýn 
PWM_B 
PWMC 
fl tý ý 
ýrirv 
I,; V, li 4; Iz V, 
(b) 
Figure 3.8: Fundamental PWM sequence in sector I with the extension of vector V, in 
two ways 
The equivalent effect can be verified by the vector plots in one PWM period as shown 
in Fig 3.9. The voltage vector plot for a fundamental PWM sequence is shown in Fig 
3.9(a). The voltage vectors in the changed PWM sequence are plotted in Fig 3.9(b). 
When the reference voltage vector ü* is in Sector I, alternative cases are also possible 
when the switching edges are shifted, as shown in Fig 3.10, which depends on the 
original widths of V, and V2. But the final output voltage vector is the same, which 
can be verified by the voltage vector plots in Fig 3.11. 
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Figure 3.9: Voltage vector plot when ü locates in sector I, (a) without and (b) with 
the extension of the vector V, 
PU' 
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Figure 3.10: Two alternative cases of the fundamental PWM sequence in Sector I with 
the extension of VI 
'/2 
v, 
- 
V I; 
(a) VO 
-VI -V2-V7-Vi-V-VO (I, ) v-i'i-V, 
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Figure 3.11: Voltage vector plot of the two cases when üs locates in sector I with the 
extension of vector Vi 
Vi I (, ý' Vb 
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4. The sampling period of the position estimation is flexible in this proposed method. 
The maximum sampling frequency can reach the PWM frequency. If the current tran- 
sients excited by both active voltage vectors in one PWM cycle are measured, both 
active vectors may have to be extended at low speed as shown in Fig 3.12. The current 
derivatives are measured at the indicated instants. 
I'W Al 
_: 
\ 
PWM B_ 
f 
1 
PW M_C 
di/dt sampling signals TII 
Tl- 
Figure 3.12: PWM sequence in Sector I (with both Vi and V2 being extended) and the 
di/dt sampling instants 
Normally, the requisite position sampling frequency is much lower than the PWM fre- 
quency. One position estimation can be achieved over two consecutive PWM cycles, 
i. e. the transients of the two active vectors are measured from two different PWM cy- 
cles as shown in Fig 3.13. In this case the current distortion caused by the extensions 
and compensations will be reduced. Even if the reference voltage vector us changes 
sectors in the two consecutive PWM periods, the first vector from the first PWM cycle 
and the second vector from the second PWM cycle should not be aligned. Thus the 
position vector still can be estimated from the di/dt measurements during the first and 
the second active vectors from two successive PWM periods respectively. 
CHAPTER 3. POSITION ESTIMATION USING PWM TRANSIENT EXCITATION 63 
l'. I. I: 
rwM_A 
PWM B 
PWMC 
Figure 3.13: PWM sequence in Sector I with one active vector extended in each PWM 
period 
5. The extension and compensation scheme described above makes it possible to 
utilize the fundamental PWM sequence for position estimation, but it also introduces 
extra current distortion. As shown in Fig 3.12 and Fig 3.13, the active vectors are 
extended in the first half PWM period, and then the compensation is made in the 
second half period. Thus the current deviation caused by the extension will last for 
the whole dwelling time of V7. 
One possible improvement is to compensate the voltage extension in advance and 
thus reduce the current deviation. The proposed PWM sequence when us is located 
in Sector I is illustrated in Fig 3.14. In the first half PWM period, Vi is required 
for the position estimation and its duration is extended to td,,;,,. Instead of changing 
the switching edge of phase A in the second half period, a compensating vector V4, 
opposite to Vi, is applied just at the beginning of V7. It means that the upper IGBT 
on phase A is turned off for the period of tdm; f - ti, cancelling the influence of its 
extended turn-on period. Similarly, in the second PWM period, when V2 is extended 
for the position estimation, its opposite switching state vector V5 is applied during V0 
for a period of tdrin 
- 
t2 as compensation. This sequence can also avoid the switching 
of two IGBT legs at the same time. 
The current distortion with this proposed scheme is less than that of the INFORM 
method and of [ 14 1. The additional vector is used for current deviation compensation 
TT di/dt sampling signals T 1' 
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II di/dt sampling signals TT 
Figure 3.14: PWM sequence with extensions of V, in Sector I using the proposed 
compensation scheme 
instead of di/dt sampling. Its width is adaptive to the width of active vector. It 
will not introduce much additional current ripple and will not restrict the application 
frequency. 
3.2.3.3 Process of Achieving the Estimated Position Angle 
Table3. I and Table3.2 provide the relationship between the position signals (pr Pb 
and p(. ) and the di/dt values excitated by the six voltage switching vectors over all sec- 
tors, for a star-connected machine and a delta-connected machine respectively[58][141. 
The position vector is expressed in terms of the measured current derivatives. In each 
sector, the estimated position angle can be constructed from the position vector com- 
ponents selected from the tables according to the sector number. The position angle is 
obtained after the offsets in the position vector components are eliminated 
. 
31o(I 
- 
(Al)2) 
In these tables, g= Uý and c= lo/Uý. 
VI. 1,11. VVI I' I' I' I. 17 1/ 1" 
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Table 3.1: position vectors calculated for a star-connected machine 
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Table 3.2: position vectors calculated for a delta-connected machine 
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The three-phase current derivatives of a star-connected surface mounted PM syn- 
chronous motor are measured when the motor is running at 100rpm (i. e. the stator 
current fundamental frequency fe = 5Hz ). The full details of this motor will be given 
in 5.4. The three-phase current derivative signals sampled at the first vector of the 
PWM cycles during two electrical rotations are shown in Fig 3.15(a). The first vector 
is V1, V3 or V5 depending on the sector in which the voltage reference vector situates. 
The di/dt signals sampled at the second vectors, which are V2, V4 and V6, are shown in 
Fig 3.15(b). The offset components in the equations of Table 3.2 can be seen from the 
di/dt waveforms. The units shown with these di/dt signals have no absolute meaning. 
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Figure 3.15: Three-phase current derivatives measured at the first (VI, V3 and V5) and 
second (V2, V4 and V6) vectors in different PWM sectors 
Using these measured current derivatives, the position vector is constructed according 
to the theory explained in 3.2.3.2. The obtained position vector components, pa, Pb 
and p, are shown in Fig 3.16. The offsets have been eliminated in this process. 
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Time P] 
Figure 3.16: Estimated anisotropy position scalars pa, Pb and p, 
The obtained saliency position angle 9a, ß is shown in Fig 3.17, which comes from the 
position vector, p= pa + apb + a2pc =I pkL6Q, ß , according to (3.15). 
(riid) t'uaition angle 
_I 
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position angle from encoder 
----------- ----- --------- 
---- ----- ---------- ---------- 
------- -------- 
------ -- " ----- ---- 
--------- 
--------- 
'----------- 
----- ---- --- 
--- ----- ----------- -- -- ------------- --- --------- ------ --- --- -; -------- 
0 
0 o. os OA 0. ßs 0.2 0.25 o. 3 0.35 0.4 -., c 1 
Figure 3.17: Estimated saliency position angle and the encoder measured angle 
The saturation saliency position angle has twice frequency of the rotor position which 
is measured by optical encoder. The phase shift between these two position signals is 
caused by the flux deviation due to the q-axis current. The distortion appearing in the 
estimated position angle comes from the harmonic saliencies existing in the machine. 
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Both phenomena will be explained in detail in Chapter 4. 
3.3 Current Distortions Caused by the Modified SVPWM 
Sequence 
When additional test vectors are employed, or the narrow vectors are extended, the 
modification of the fundamental PWM sequence will introduce extra current distor- 
tion. In this section, a method for investigating the current ripple is introduced. The 
current distortion caused by the different position estimation schemes using PWM 
voltage vector excitations, are investigated. 
3.3.1 Ripple Vectors for Investigating the Current Distortions 
In SVPWM based VSI, the reference stator voltage vector s, which is generated 
by the field-oriented current controllers, is realized by the voltage vector switching 
sequence. The magnitude of these switching state vectors are normalized with respect 
to the DC-link voltage. The reference vector s, with the magnitude of UDC/2 and 
phase angle a in sector I, is shown in Fig 3.18(a). The durations of the active vectors 
Vi and V2, i. e. t1 and t2, are represented by the lengths of the vectors in the vector plot. 
In each PWM sequence, the null states, Vo and V7, divide equally the inactive time. 
In this research, the PWM sequence is symmetrical and calculated once per PWM 
period. 
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Figure 3.18: Standard SVPWM application (a): fundamental PWM sequence (b): 
error voltage vectors 
For a PWM inverter drive system, there is an error between the instantaneous applied 
voltage vector and the reference voltage vector [77]. For the reference voltage in this 
example, the voltage error corresponding to the active vectors V1, V2, and the zero 
vectors, Vo or V7, are illustrated in Fig 3.18(b). They are expressed by the vectors as: 
OVj-ref 
= 
Vj 
- 
ii, * 
/V2-ref V2 
- 
lls (3.45) 
OV0-ref 
= 
OV7-ref 
= 
-us 
These voltage errors referred to the reference voltage vector can be defined as "voltage 
ripple vector", represented by urlpplei because the time integrals of these error voltage 
vectors can decide the distortion in the output voltage[77]. The voltage errors directly 
result in the ripple appearing on the stator current. A measure of the phase current 
ripple can be defined correspondingly as the "current ripple vector", Tripple. If the 
4 fs 
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resistance voltage drop and the back EMF are neglected, which can be assumed in low 
speed range, the voltage and current ripple vectors are orthogonal. In the PM motor, 
these ripple vectors can be resolved along the d-axis and q-axis, in the reference frame 
synchronized with the rotating reference voltage vector s. The q-axis, in accordance 
with the torque current direction, is aligned with S. The d-axis is perpendicular 
with the q-axis. The voltage ripple vector exists when the switching state vectors are 
applied, and the current ripple vector is excited by the voltage ripple vector, deriving 
from the inductive stator circuit. 
Figure 3.19(a) illustrates the voltage ripple vector plot for one fundamental PWM 
cycle. It starts from and ends at the original point. The voltage ripple on d-axis in the 
first half period and the second half period are symmetrical. The route of the voltage 
ripple vector is indicated by black lines in the first half cycle and gray in the second 
half. The d-axis and q-axis voltage and current ripples are derived and plotted in Fig 
3.19(b) according to the voltage ripple vector plot. All these ripple waveforms are 
continuous and piecewise linear functions of time. The voltage ripples on both axes 
change at the switching instants, and consequently the slopes of the current ripples 
change at the same time. The total current harmonic distortion can be evaluated by 
summing the areas confined by the ripple waveforms and the zero axis. The total 
voltage distortion or the total current distortion over one PWM period is the sum of 
that on the q-axis and that on the d-axis. 
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Figure 3.19: Voltage and current ripples of the fundamental SVPWM sequence 
(a)vector plot of the voltage ripple (b)ripples on the voltages and currents 
The magnitudes of both voltage ripple and current ripple over one fundamental PWM 
period depend on the reference voltage vector and the employed switching sequence. 
3.3.2 Current Distortion with the INFORM method 
Besides the voltage and current ripple appearing with the fundamental SVPWM se- 
quence, the INFORM method introduces extra distortions due to the added test vec- 
tors. The switching sequence of the INFORM method in one PWM period is shown in 
Fig 3.20, where the reference voltage vector us is in Sector I. One pair of test vectors, 
V1 and V4, are inserted during V7. Both test vectors applied have the width of td,,;,,. 
The voltage ripple vectors in this sequence are plotted in Fig 3.20(a). The current 
distortion can be investigated on the q-axis and d-axis respectively as shown in Fig 
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3.20(b). The ripple added to the fundamental PWM (same as shown in Fig 3.19) is 
indicated by the light gray lines for comparison. As can be seen, although the VTA is 
kept same, the current deviation caused by the added vectors is significant. 
týemý 
tF-ý 
V0 VI V2 V7 VI v4 V7 V2 VI V0 
(J) 
(b) 
Figure 3.20: Voltage and current ripples of the INFORM method (a): voltage ripple 
vector plot (b): voltage and current ripple waveforms 
To illustrate the current distortion, the stator currents are measured when a surface 
mounted PMSM is driven using the INFORM scheme. The PM machine is controlled 
at the speed of 100rpm without external load. The symmetrical PWM sequence is 
updated every 100µs. The minimum duration td, j, are set to be 8ps. For easier 
comparison between different schemes, the currents shown are all measured when 
us situates in the middle of Sector I. The current ripple caused by the INFORM test 
vectors can been seen from Fig 3.21. Two phase output currents, is and ih, measured 
in one PWM cycle are shown in Fig 3.21(a). The test vectors, Vi and V4, are added 
during the dwell time of the null vector V7. The effect from the deadtime of 3µs can 
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also been seen. The influence of this test vector pair on the current waveforms in 
a longer period is illustrated in Fig 3.21(b). Actually, three pairs of the test vectors 
should be implenmented in three successive PWM periods for every sample of the 
position estimation. The current distortions will be three times of that shown in Fig 
3.21(b). 
Figure 3.21: Experimental stator current ripple with INFORM method with different 
time scales(a): 20µs/div (b) 100µs/dive 
The current distortion caused by the INFORM test vectors is obvious and one im- 
provement has been presented in [551. This scheme adds two more vectors to reduce 
the current deviations. As shown in Fig 3.22, the test vectors, Vi and V4, have the width 
of The other two vectors with the width of td,,;, /2 are used to reduce the cur- 
rent deviations. For this PWM sequence, the voltage ripple vector route in one PWM 
period is plotted in Fig 3.22(a) and the ripple waveforms are derived in Fig 3.22(b). 
Compared with Fig 3.20 the added vectors help to make the current waveforms less 
distorted as explained in [551 
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Figure 3.22: Voltage and current ripples of the improved INFORM method (a): voltage 
ripple vector plot (b): voltage and current ripple waveforms 
Experiments are carried out for this improved INFORM switching sequence. The 
measured two phase currents, under the same experimental conditions as explained 
for Fig 3.21, are shown in Fig 3.23. Also three times distortion will exist for the 
position estimation, because three successive PWM cycles are used for the transient 
measurements. Both of the PWM sequences of the INFORM method, require the null 
vector to be wide enough for holding all the additional vectors. which can be hard to 
guarantee at higher speed or with shorter PWM period TPwM. 
O 
T12 T 
CHAPTER 3. POSITION ESTIMATION USING PWM TRANSIENT EXCITATION 76 
Figure 3.23: Experimental stator current ripple with the improved INFORM method 
with different time scales (a): 20µs/div (b) 100µs/div 
3.3.3 Current Distortion Caused by the Extensions of the Funda- 
mental PWM Vectors 
Instead of using additional test vectors, the active vectors of the fundamental PWM 
sequence are utilized for position estimation in this research. However, additional 
current ripple still exists when the narrow vectors are extended to meet the minimum 
vector width tj,,,;,,. The current deviations caused by the extensions and compensations 
can also be explained by the ripple vectors. 
As explained in 3.2.3.2, one sample of the position estimation can be obtained from 
the two active voltage vectors and the two null vectors in one fundamental PWM 
cycle. The worst case is that both original active vectors are too narrow and need to be 
extended in the single PWM cycle. The current ripple in this case is described in Fig 
3.24. The voltage ripple vector in one PWM cycle is plotted in Fig 3.24(a). The black 
and gray solid lines indicate the ripple vector in the first and second half of the PWM 
period respectively. The dashed line indicates the ripple vector of the fundamental 
PWM sequence for comparison. The voltage and current ripple waveforms are shown 
in Fig 3.24(b). As can be seen, one main disadvantage of this scheme is that the big 
(a) (bl 
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current deviation existing during the relatively long inactive period of V7, although the 
voltage ripple vector reduces to zero in the end. The current deviation caused by the 
vector extension is only drawn back to the fundamental line in the second half period. 
The deviations exist in both d-axis and q-axis. 
(a) 
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Figure 3.24: Voltage and current ripples of the fundamental PWM with the extensions 
of the two active vectors (a): voltage ripple vector plot (b): voltage and current ripple 
waveforms 
Experiments under the specified conditions were carried out for this scheme. Two 
phase stator currents, is and ib , are measured and their deviations in one PWM period 
can be seen from Fig 3.25(a). Their influence on the stator current waveforms for 
a longer time is shown in Fig 3.25(b). One point is that one sample of the estimated 
position can be achieved in only one single PWM period in this method and the current 
deviation shown here is the worst case. 
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Figure 3.25: Experimental stator current ripples with extensions of both active vec- 
tors in one fundamental PWM period with different time scales (a) 20ps/div (b) 
I00ps/div 
The sampling frequency of the estimated position does not need to be that high. The 
excitations from two active vectors for one position estimation can be obtained from 
two successive PWM periods. The current ripple caused by the extensions can then 
be reduced. The current distortion is drawn in Fig 3.26 for this approach. 
(a) lý} 
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Figure 3.26: Voltage and current ripples of the fundamental PWM with the extension 
of one active vector in one PWM period (a): voltage ripple vector plot (b): voltage and 
current ripple waveforms 
The displacement during the inactive vector V7 still exists in both d-axis and q-axis, 
but is reduced. The level of the current deviation mainly depends on the degree of 
extension. Experimental measurements under the conditions specified in this section 
are shown in Fig 3.27. The main advantage of this method is that no additional vectors 
are inserted and the extension will occur only when the original vector is not wide 
enough. This method is applicable in high speed range. 
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(a) (b1 
Figure 3.27: Experimental stator current ripple with extensions of one active vector in 
one fundamental PWM period with different time scales (a): 20µs/div (b) 100µs/div 
3.3.4 Current Distortion with the Improved Compensation Scheme 
for the Extensions of the Fundamental PWM Vectors 
The current distortions discussed in 3.3.3 mainly come from the extensions of the 
active vectors and the delayed compensations made in the second half period. The 
current deviation exists during the whole period of the V7 on both d-axis and q-axis 
current waveforms. 
To reduce this deviation, the compensation can be made in advance, as explained in 
3.2.3.2. The improvement scheme is that, when an active voltage vector is extended 
to tdmin for the position estimation, its opposite voltage vector will be applied during 
the null vector, with the width equal to the the extended part. For example, the active 
vector to be extended is V1 and its original width in the fundamental PWM sequence 
is ti(ti < t1mi). When it is extended to tdmin 
, 
its opposite switching state vector V4, 
with the width of td, j, - ti, will be inserted at the beginning of the null vector V7. In 
this way the current deviation caused by the extension will be drawn back earlier. The 
current distortion of this improved scheme is illustrated in Fig 3.28. 
z (zv)vs i drv) t (10 0, es I di v) 
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Figure 3.28: Ripple investigation of the fundamental PWM with improved extension 
scheme (a): voltage ripple vector plot (b): voltage and current ripple waveforms 
The current waveforms measured under the specified experimental conditions are 
shown in Fig 3.29. As can be seen, the deviation in the current waveforms are re- 
duced compared with Fig 3.25 and Fig 3.27. Although an additional voltage vector 
is inserted, it only works for the cancellation of the current deviation, and does not 
provide the transient excitation for position estimation. One sample of the estimated 
position can be achieved from two or one PWM period, similar to the schemes ex- 
plained in 3.3.3. If only one active voltage vector is utilized as shown in Fig 3.29, one 
position estimation can be achieved from two successive PWM cycles. 
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(a) ibl 
Figure 3.29: Experimental current ripple of the fundamental PWM with the improved 
extension and compensation scheme (a): current ripple in one PWM cycle (b) current 
distortions 
In order to compare quantitatively the current ripple with different PWM modifictions 
in these position estimation schemes, the machine is controlled to output 20% torque 
consistently with these different schemes being applied. The total harmonic distor- 
tion (THD) of one phase current is calculated, as the results listed in Table 3.3. In 
this test the minimum vector time duration or the test vector width is set to be 5µ. s. 
The position estimation method using fundamental PWM sequence with the improved 
compensation scheme, exhibits the least current distortion. 
Position Scheme using Scheme using 
Estimation Fundamental INFORM Optimized Fundamental Fundamental PWM 
Schemes PWM INFORM PWM with Improved 
Sequence Compensation 
THD(%) 4.98 11.56 9.62 10.06 8.19 
Table 3.3: THD of stator currents with different position estimation schemes 
Ikz u, as t atv) t (100ks / div) 
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3.4 Conclusion 
Saliency tracking methods for position estimation are classified into two groups, i. e. 
the high frequency signal injection methods and the voltage vector excitation meth- 
ods. The methods based on transient voltage vector excitations are investigated in this 
research. The INFORM method and its related methods are described in detail. These 
methods add test vectors within the PWM period and measure the resultant current 
transient responses. The method only using the fundamental PWM sequence is then 
introduced. The principle of this method is modified to address the difficulties and so- 
lutions of integrating the position estimation within the fundamental PWM sequence. 
Position estimation results are provided to verify its effectiveness. 
The current distortion caused by the test vectors or the vector extensions is one dis- 
advantage for these methods. The added test vectors of the INFORM and its related 
methods cause significant current distortion. For the method only using the fundamen- 
tal PWM sequence, the extension of the active vector leads to obvious current devia- 
tion. If just the switching instants of each phase are shifted to make these extensions, 
the current deviation will last the whole inactive period of the vector V7, and thus the 
current distortion is high. One possible improvement is proposed to bring forward the 
compensation and thus the current deviations are suppressed. These position estima- 
tion approaches, i. e. the INFORM method, method using only the fundamental PWM 
sequence and the improved compensation scheme, are all applied to a surface mounted 
PMSM. The experimental stator currents are measured under the same operating con- 
ditions. Different current distortions are observed, with the improved compensation 
scheme providing the lowest distortion. 
. 
Chapter 4 
Acquisition of di/dt Signals 
As described in Chapter 3, the stator di/dt signals are measured during the voltage 
vectors applied to the AC motor in order to estimate the flux/rotor position. How- 
ever, there are a lot of high frequency oscillations introduced by the IGBT switching 
actions, which can make the sampling difficult and inaccurate. A waiting time is 
required to allow these high frequency current oscillations to damp down, i. e. the 
voltage vectors need to be wide enough for the position estimation to work. The high 
frequency switching oscillations will be analyzed in this chapter. The measures re- 
quired to reduce this switching noise will be investigated. 
4.1 Conducted Electromagnetic Interference (EMI) in 
the PWM AC Drive System 
The high dv/dt caused by the power device switching in a voltage source PWM in- 
verter is the main source of the conducted electromagnetic interference in the AC drive 
system. Due to the parasitic capacitances and stray inductances distributed in the sys- 
tem, the high dv/dt causes high frequency switching noise at the inverter output, the 
power supply and the ground cables. The electromagnetic interference in an AC drive 
84 
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system is complicated, because it includes the connections to the motor and the sup- 
ply, the power electronic circuits, and the machine's complex properties in the high 
frequency range, etc. 
4.1.1 High Frequency Models of the Main Power Components 
The high-frequency behaviour of a star-connected AC motor can be represented by 
a 3-phase network as shown in Fig 4.1 [78]. It comprises the distributed leakage 
inductances of the windings Ld, the stray capacitances between the windings and the 
machine's frame Cs, and the damping resistances Rd and RS. At very high frequencies 
(MHz and above) there will be very little current penetrating into the windings and 
then the machine can be represented by a constant terminal capacitor Ch f_, notor" The 
stray capacitance and inductance between two phases can be ignored due to the stator 
winding structure[79]. 
Ld R,, 
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Ld Rd 
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J 
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Motor 
Frame 
Figure 4.1: High frequency model of star-connected AC motor[78] 
The cables used in this research, connecting the power converter with the power supply 
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and with the machine, are four-core unshielded copper-conductor cable. They can be 
represented by the lumped parameter r structure as shown in Fig 4.2[78][80]. The 
parameters of these conducting cores are symmetrical. The earth conductor in the 
supply cable is directly connected to the heatsink underneath the rectifier module. 
The earth conductor in the machine cable is connected to the heatsink underneath 
the IGBT modules. Both heatsinks are linked with the system's ground. For the 
common mode noise, the three phase conductors are modelled in parallel with the 
earth conductor and connected to the ground through the parasitic capacitors. For the 
differential mode noise, three phase conductors are coupled through their interactive 
stray capacitors. 
L, ý1 L_v 
A L--- 
C, 
- 
L,, L', L 
B 
C, ca C. L K, C C' 
C L,,, I IC1 I C. I L, x:. v GND 
Figure 4.2: High frequency model for the four core cable 
Each IGBT module, used as one inverter leg in this research, consists of two IGBTs, 
two free-wheeling diodes, and three power terminals connecting with the positive DC 
link, the negative DC link and the output lead respectively, as shown in Fig 4.3(a). The 
high frequency characteristics of one IGBT module are illustrated in Fig 4.3(b) [81] 
[78]. The IGBT and diode are modelled by its internal stray inductances and parasitic 
time-varying capacitances during the switching transition. The stray capacitances be- 
tween the module terminals and the heatsink also present. 
4.1.2 Common Mode Noise 
The common mode noise is caused by the currents flowing between the inverter phase 
circuits and the system ground[82]. Figure4.4 illustrates the common mode equiv- 
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Figure 4.3: High frequency model of one IGBT module 
alent circuit of the AC drive system. For the common mode currents, the positive 
and the negative DC buses, which are connected through the large electrolytic capac- 
itors, can be considered as a single potential point Ej in the high frequency circuit. 
The voltage between this DC link equal potential point and the star point of the mo- 
tor is identified as the common mode noise source vcom [781. vcom is decided by the 
DC-link voltage and the PWM switching state. Switching events of the PWM in- 
verter excite the common mode circuit. On the input side of the system, three phase 
supply conductors are connected in parallel with the ground. Because the rectifier 
module always provides two diodes conducting the input current, its high frequency 
behaviour is represented by its equivalent series inductance (ESL) and its stray capac- 
itance Cs-rectifier connected to the ground via the heatsink. The ground conductor in 
the power supply cable is connected to the heatsink underneath the rectifier module, 
providing a return path for the common mode current. On the side of the inverter, the 
stray capacitors, Cstrayl and Csiray2, between the IGBT modules and the heatsink un- 
derneath, conduct the common mode currents between the DC link equipotential point 
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and the system ground. The three-phase cables feeding the motor is also modelled in 
parallel with the earth conductor, which connects the motor's frame with the heatsink 
underneath the IGBT modules. 
voltage supply motor 
variac cable cable 
Figure 4.4: Equivalent circuit for the common mode current in the AC drive system 
When the common mode noise is investigated by measuring the earth currents, com- 
ponents from two different frequency ranges are found, which is in accordance with 
the analysis in [78]. The first current component is the slower fluctuation with a fre- 
quency around 100 ' 200kHz. At this frequency the currents can penetrate into the 
stator windings and flow through the supply viariac inductors. Thus this component 
exists in the earth conductor of both the supply cable and the machine cable. The 
other component is the small oscillation with a higher frequency above 2MHz. This 
oscillation only shows up at the grounding point on the inverter's output side. It is 
because the currents at this frequency are blocked by the impedance of the viariac's 
inductances and the machine's stator windings. In this frequency range, the machine 
is just simply represented by its terminal capacitance Chf_, notor" Figure4.5 shows the 
propagation paths of these two common mode currents. 
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Figure 4.5: propagation paths of the common mode currents 
The currents in the grounding conductors are measured in this research. Their wave- 
forms are used to identify the common mode noise in the measured output currents. 
In Fig4.6, the measured waveforms of one phase output current, the ground current on 
the inverter's output side iGNDI, and the ground current on the supply side iGND3, dur- 
ing two independant switching instants, are shown. The switching oscillations from 
the two different frequency ranges as mentioned above can be observed. The low 
frequency noise in the output current has the same profile as that in the ground cur- 
rents, which verifies this low frequency switching oscillation comes from the common 
mode noise. Besides, a much higher frequency component appears in iGND1 at about 
3- 4MHz, but it has a very small amplitude and dies off quickly. This component 
cannot be found in iGND3 as being analyzed. The other high frequency component at 
about 2- 3MHz, with high spike amplitude and only appearing in the output current, 
is thought to be from the differential mode currents. 
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Figure 4.6: Current wavefroms at two switching instants (a) and (b): 
blue: the output current iQ; green: the ground current at the inverter's output side 
'GND 1; purple: the ground current at the power supply side iGND3 
4.1.3 Differential Mode Noise 
On the output side of the inverter, when one phase is switched on or off, a resonant 
circuit is excited between the switched phase and the other two unswitched phases. 
This results in the differential mode oscillations on the output terminal voltages and 
currents. The differential mode current paths between phases are indicated in Fig 4.7. 
On the input side, the differential mode electromagnetic emissions are excited by the 
high frequency voltage drop across the DC link, which is caused by the differential 
mode currents flowing through the DC link capacitors to the output phases[82]. 
Noise at high Noise at Low Noise at high Noise at Low 
frequency frequency 
CHAPTER 4. ACQUISITION OF DI/DT SIGNALS 91 
variac rectifier inverter 
U 
V 
W 
Figure 4.7: Propagation paths of the differential mode currents 
In the AC drive system of this research, the differential mode currents show a fre- 
quency around 2- 3MHz. The motor is only modelled by its terminal capacitance 
at this frequency range. On the inverter output side, the differential mode equivalent 
circuit between two phases is shown in Fig 4.8. The switching events are the noise 
source for this circuit and the coupling stray parameters provide the propagation paths. 
The behaviour of the differential mode noise mainly depends on the stray capacitances 
C, pp between the phases and equivalent series inductance Lcable of each phase. In 
Fig 
4.6, the differential mode noise appearing in the output current can be seen clearly. 
Lank Rc k 
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Figure 4.8: Equivalent circuit for the differential mode noise between two phases 
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4.2 Measures to Reduce the High Frequency Switching 
Oscillations 
As discussed in 4.1, the high-speed change of the voltage, dv/dt, from the PWM 
switching acts as the EMI source in the PWM inverter drive system. This section 
describes the main methods which may help to reduce the high frequency switching 
oscillations, which is expected by the sensorless control schemes based on PWM ex- 
citations explained in Chapter 3. 
4.2.1 Main Measures Used for EMI Suppression 
The minimum vector duration td,;,, is decided by the EMI properties of the system, 
which cause the high frequency oscillations occurring at each switching instant. If the 
high frequency oscillations can be suppressed, the minimum vector duration td,,;,, can 
thus be reduced. With reduced tdmj,,, the position estimation schemes based on PWM 
vector excitation will make less modification of the fundamental PWM waveforms 
and thus bring about less current distortions. The stator current waveforms of the 
sensorless control using only fundamental PWM sequence, as described in 3.2.3.2, 
are investigated with different td,,, j,,. The results are shown in Table 4.1, and they 
verify that the current waveform becomes better with less minimum vector duration 
tdmin 
tdmin 0µs 5µs 10/is 
THD of stator current) 4.98% 8.19% 11.68% 
Table 4.1: THD of current waveforms with different minimum duration for sensorless 
control 
The first group of methods reducing EMI noise aim to change the noise propagation 
paths. Compactly and carefully designed layout of the power circuits is one effec- 
tive way. The stay capacitance and inductance can be reduced if the designer avoids 
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redundant paths, evenly arranges the three phases, and shortens the connections be- 
tween the main components. In commercial inverters, laminated busbars are widely 
used. Busbars have many advantages over wiring harness in the terms of the relia- 
bility and compactness. But they still introduce considerable stray inductance in the 
loop circuit consisting of the switching power devices[83]. In this research, an inte- 
grated Printed Circuit Board (PCB) is developed to integrate all the main components 
of the power converter. The compact layout and use of PCB tracks help to reduce the 
conducted EMI. 
Insertion of a filter network between the inverter and the motor is another method 
to change the EMI noise propagation path. Different filter networks and methods 
to decide the filter parameters are proposed in[84][80][85][86]. It is noticed that the 
overvoltage and high frequency ringing are caused by the distributed nature of the long 
cable leakage inductance and stray capacitance. The output filters are used to shunt the 
high frequency currents, preventing them from entering the motor. The topology of a 
commonly used RLC filter is shown in Fig 4.9. Harmonic currents above the designed 
cut-off frequency are largely passed through the RC branch of the output filter. 
PWM 
Rectifier inverter output 
falter 
TO 2i r---------- ; cable 
supply i, 
PM 
i- 
-I Ii 
Figure 4.9: PWM inverter driving system with RLC output filter 
However, this method is not suitable for this research. Firstly, if the high frequency 
part of output voltage applied to the motor has been filtered out, its excitation on 
the machine cannot generate large enough di/dt signals for the position estimation. 
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Secondly, the output filter normally works well for reducing the strong ringing with 
the long feeding cable, but does not show as much effect for suppressing the relatively 
low oscillations appearing in the output currents as in this research. The filter network 
adds to the cost and makes the system bulky. 
Instead of focusing on the EMI noise propagation paths, the other kind of method 
tries to reduce the noise emissions at its source. The PWM output voltages of the 
power switch devices normally exhibit steep rising and falling edges, which bring 
about a large amount of strong excitations in the high frequency spectrum. The idea 
of this group of methods is to lessen the noise by reducing the slope of the rising edge 
and falling edge of the voltage outputs. One method is to add a snubber circuit[87]. 
Snubber circuits can reduce dv/dt by transferring the high frequency switching energy 
from the IGBT output to an energy storage element. The other way to slow down 
the switching is to increase the gate resistance of the IGBTs. A larger gate resistor 
can limit the charging and discharging speed of the gate capacitor, thus reducing the 
rate of building up the gate voltage vGE[87]. However, both methods add complexity 
and increase power losses. Both of them are investigated in this research and these 
drawbacks are accepted as the cost of reduced conducted emissions and improved 
sensorless control results. 
4.2.2 Suppression of the Conducted EMI by Increasing the IGBT 
Gate Resistance 
Selecting the proper gate resistor for the IGBT gate drive is important. The value of 
the gate resistor has a significant impact on the dynamic performance of the IGBT. 
The IGBT is turned on and off by charging and discharging the gate capacitance. A 
smaller gate resistor will charge and discharge the gate capacitance faster, reducing the 
switching time and switching losses. However, smaller gate resistors may cause high 
dv/dt and increase surge voltage during the free-wheeling diode recovery process. 
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The high dvldt may lead to oscillation problems in conjunction with any parasitic 
inductance in the output circuit. In this research, a gate drive circuit providing a 
changeable gate resistor is developed and applied. During normal operation periods, 
the nominated gate resistance is connected in the circuit. When the di/dt signals are 
to be measured for position estimation, the gate resistance is increased to reduce the 
high frequency oscillations appearing in the output current waveforms. 
The turn-on waveforms of the gate driving voltage VGE, the output voltage vcE and the 
output current io of the lower IGBT in one IGBT bridge module, during one switching 
instant, are shown in Fig 4.10. When the lower IGBT is switched on, its collector- 
emitter voltage vcE falls from U+DC to U_DC, and so the output current is driven to the 
negative DC link. A level period during the rising of VGE is due to the Miller effect[88]. 
That is the decreasing vcE causes current to flow through the Miller capacitance CGC, 
and this current is drawn from the gate circuit and diminishes the current available to 
charge the gate-emitter capacitance. 
The IGBT used for this work is SKM 50GB 123D, described in [89]. The effect of the 
value of gate resistance is shown in 4.10. The recommended gate resistance Rg = 28LI 
and the twice resistance Rg = 56LI are used and compared. It can be seen that, with 
larger gate resistance, the high frequency oscillations, both on the output current io 
and on the voltage vCE, are much reduced. When Rg = 2891, vcE falls from 620V to 
OV within less than 0.5µs. There exists a period of current oscillation lasting about 
5µs. When Rg = 5692 
, 
vcE reaches and settles at its steady state in about 1µs. The 
current settling time is reduced from about 5µs to less than 3µs. That means, the 
di/dt sampling can be made with less waiting time as explained in Chapter 3. 
Similarly, the waveforms during the turn-off switching are shown in Fig 4.11. The 
negative gate signal is applied, and vGE decreases in a linear fashion. Once VGE drops 
below the threshold voltage, vCE starts increasing linearly. When vCE reaches the DC 
link voltage, the clamp diode starts conducting and the IGBT current falls linearly. In 
CHAPTER 4. ACQUISITION OF DI/DT SIGNALS 96 
io(l Aldiv) 
u,.,, (200V /div) 
u,,, (20V /div) 
R, 
= 
56(2 Rt 
= 
28f2 
Figure 4.10: IGBT turn-on waveforms with different Rg 
the turn-off switching, different gate resistances do not show as big a difference on the 
output currents, as that shown for the turn-on switching in Fig 4.10. Also the dv/dt is 
almost the same with different R8, which is dVCE/dt ; z: ý620V/2µs = 31OMV Is 
. 
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Figure 4.11: IGBT turn-off waveforms with different Rg 
The switching losses are directly related to the overlap of the IGBT current and volt- 
age waveforms during turn-on and turn-off. They are influenced by the magnitude 
and time duration of the current and voltage during the switching. The larger gate 
t(5w/div) 
t (5 
, [s / div ) t(5/us/div ) 
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resistance results in larger overlapping area and so higher switching losses. It is there- 
fore proposed that the increased gate resistance is only used in the PWM cycles when 
the di/dt samplings are required. Otherwise, the recommended gate resistance of 
R= 2891 is used. 
Figure 4.12 shows the estimated position signals with the same minimum duration ( 
tdmin =5 jis), but with different gate resistance values, i. e. Rg = 2891 and Rg = 5692. 
It can be seen that the position estimation is more disturbed by the high frequency 
noise when the gate resistance is smaller. With increased gate resistance, the estimated 
position signals are cleaner. To further verify this, the total harmonic distortion (THD) 
of the position signals are calculated for these two cases, and the results are listed in 
Table 4.2. 
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Figure 4.12: Position signals when tdmjn = 5µs with different gate resistances 
(a)Rg 
= 
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Pa Pb Pc 
R= 5652 13.446% 11.876% 14.202% 
R= 2892 17.476% 15.376% 15.819% 
Soo 
-500 
1000 
Table 4.2: THD of the estimated position signals with different gate resistance values 
(a) Rg = 5652 
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4.2.3 Suppression of Conducted EMI by Increasing the Snubber 
Capacitor 
When a power device is abruptly turned off, the trapped energy in the circuit's stray 
inductance is dissipated in the switching device, causing a voltage overshoot across the 
device. The magnitude of the transient voltage spike is decided by the trapped energy 
in the circuit stray inductance[90]. Snubber circuits are always needed to protect the 
device from the high voltage transients. 
There are different types of snubber circuits for IGBT applications[91], such as de- 
coupling capacitors, RCD snubber clamp circuits, RCD charging and discharging cir- 
cuit, etc. The de-coupling capacitor is adopted in this research, as it is a simple and 
effective way for the low to medium current application. It is a low inductance capaci- 
tor mounted across the terminals of a dual IGBT module. It provides a low inductance 
path, and so reduces the severe voltage transients. According to the current rating and 
the IGBT modules used in this system, 470nF polypropylene capacitors are used. 
Besides protecting the IGBTs from voltage spikes, in this research the snubber circuits 
are investigated to lower the oscillations in the output current waveforms. The graphs 
in Fig 4.13 compare the output waveforms using different de-coupling capacitance 
values, 0.94µF and 0.47µF. The collector-emitter voltage vcE of the lower IGBT 
and the output current of one phase io are measured at one turn-off switching instant. 
From the experimental waveforms, it is found that the larger de-coupling capacitor 
can reduce the oscillations appearing on the output voltage, but do not significantly 
change the current transients. 
4.2.4 Software Cancellation of the Common Mode Noise 
The common mode equivalent circuit shown in Fig 4.4 actually exists for each phase. 
A simplified common mode circuit on the inverter's output side is shown in Fig 4.14. 
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Figure 4.13: IGBT turn-on waveforms with different snubber capacitors 
Normally, if the layout is balanced and the cable used is symmetrical, the parameters in 
the three phase circuits should be the same. The common mode currents flow equally 
through the three phases. The ground current is the sum of them. 
L 
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Figure 4.14: Simplified three-phase common mode circuit on the Inverter's output 
side 
The common mode currents appear in the output currents transients. Thus the position 
estimation from the measured di/dt will be influenced. Its effect on the di/dt mea- 
surements can be simply cancelled by software. The inaccurate part in the sampled 
di/dt signals caused by the common mode noise can be eliminated by programming. 
Because of the symmetrical parameters of the three phases in Fig 4.14, the common 
mode currents through three phases are the same, that is 
icoma 
= lcomb = icomc (4.1) 
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The output current can thus be described as 
is 
= 
ial + icoma 
ib = 1b1 + icomb (4.2) 
is 
= ic1 +icomc 
where ia, ib, i, are the stator currents output from the inverter, and ial, ibl, icl are the 
current components without common mode noise. Because 
ial +lb1 +icl =0 (4.3) 
therefore 
icoma 
= icomb = icomc =i3a+ lb + ic) (4.4) 
For the current derivatives, the relationship exists as 
dia 
_ 
dial coina 
dt dt + 
di 
dt 
dib 
dt 
dtv 
+ 
dldt b (4.5) 
dio 
_ 
dint dioo,,, c 
dt dt + dt 
and 
dicoma 
= 
dicomb 
__ 
dicomc 
=1 
dia dib dic (4.6) 
dt dt dt 3 dt + dt + dt 
v 
In this system, di/dt sensors are used to measure the current derivatives at the in- 
verter's output. From the above equations, the common mode noise can be removed 
by 
dial 
_ 
dia 1" dia 
+ 
dib 
+ 
dig 
dt dt 3 dt dt dt 
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dibl 
_ 
dib 1 dia dib dig 
dt dt 3 dt + dt + dtv (4.7) 
di, i 
_ 
di, 1 dia dib dig 
dt dt 3 dt + dt + dt 
The position vector, p= pa +a pb + a2 p" can be obtained from the current deriva- 
tives as discussed in Chapter 3. Figure 4.15 shows the position signals, pa, Pb and 
p, estimated from the current derivatives. A comparison is carried out between the 
results with and without the common mode compensation, as shown in Fig 4.15(a) 
and (b) respectively. The units of these signals have no specific meanings. It can been 
seen that much noise in the estimated position signals has been removed by software 
compensation. 
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Figure 4.15: Estimated position signals (a)with and (b)without cancellation of the 
common mode noise 
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4.3 Measurement of the Current Derivative Signals 
4.3.1 Current Derivative Sensors 
To measure the dildt signals after the switching instants, several methods were pro- 
posed by researchers. One method is based on the differentiation process of the cur- 
rent measurements during a short period. It takes the difference of two current samples 
with a time interval At, and calculates the current derivative value taking advantage 
of the near linearity, di/dt = Li/Lt. Although this method is direct and requires no 
special sensors, the noise appearing in the current signals is amplified and can easily 
corrupt the calculation result. To use this method, the system must have enough sam- 
pling ability. Two measurements must be performed within a very short time interval. 
For these reasons, this method is difficult to implement. 
Instead of deriving di/dt from the current measurements, different kinds of di/dt sen- 
sors have been developed. Most of the available di/dt sensors are based on the Fara- 
day's induction law. According to Faraday's law, when a current i(t) passes through 
a conductor, a magnetic field is formed around this conductor. The magnitude of the 
magnetic field is directly proportional to the current, B(t) Ia i(t). Also the change 
of the magnetic field induces an electromotive force (EMF) within a wire loop which 
is located perpendicular to it. This EMF appears as a voltage signal proportional to 
the change of the magnitude field of the wire loop, as E(t) a d[ B (t)j/dt. Combining 
these two relationship, the output voltage of the wire loop is therefore proportional to 
the time-differentiation of the current, E(t) a di(t)/dt. 
One kind of dildt sensor is the Rogowski Coil[92]. It is a closely and evenly wound 
coil of N turns/m on a non-magnetic former of constant cross sectional area Amt, 
wrapping around the power line where the current is to be measured, as shown in Fig 
4.16. The induced output voltage is calculated by the formula[93]: 
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itoNL 
Vsensor = ln( c b)di 27r dt (4.8) 
where c, b are the distance from the coil to the wire, L is the size of the coil, and po is 
the permeability of the air. 
i(t) 
N turns/m 
air-core coil 
10 
Figure 4.16: General structure of the Rogowski dildt Sensor 
The main advantages of the Rogowski Coil can be summarized as [941: 
" The sensor is electrically isolated from the measured conductor 
" The saturation point of the air is extremely high and so no DC or high current 
saturation. 
" Air core gives linear phase response. 
" The sensor is able to measure high current. 
" No significant power consumption is needed. 
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" The sensor has a wide bandwidth allowing for harmonic analysis. 
" The output varies very little with the changes in temperature. 
The other kind of dildt sensor is a highly coupled air-core mutual inductor as shown 
in Fig 4.17[58]. Its primary winding is connected in series with the line cable, and the 
output voltage is obtained from the ends of the secondary winding, as 
d(D N2 di 
Vsensor = N2 dt Ný dt (4.9) 
where N1, N2 are the number of turns in the primary and secondary coils, Vsensor is 
the induced voltage, 4) is the magnetic flux through one turn of the coil, and i is the 
primary current to be measured. 
N, 
i(t) 
NZ 
_ýý 
B(t) 
+1 
Figure 4.17: Structure of the air-core mutual inductor di/dt sensor 
The advantages of the Rogowski Coil as a di/dt sensor also apply to the air-core mu- 
tual inductor. The main current goes through the primary winding. The secondary 
winding for measurement is electrically isolated from the main power circuit. Com- 
pared with the Rogowski Coil, the highly coupled design of the mutual inductor results 
in lower parasitic inductance and capacitance, and so lower parasitic oscillations. In 
addition, the behaviour of the Rogowski Coils is significantly influenced by whether 
or not the geometry is symmetrical, i. e. the current centrally situated and perpendic- 
ular to the plane of the coil, and there are no other external magnetic loops coupled 
e(t) 
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with the coil[58]. By comparison, the air-core mutual inductor can be easily made and 
installed by hand to achieve stable measuring characteristics. 
The sensitivity of this current derivative sensor will be influenced by the structure and 
dimensions of the mutual inductor. The sensor used in [58,14] uses the shielded signal 
cable to make the coils. The cable and the sensor design is shown in Fig 4.18(a). The 
primary current goes through the outlayer wires of the cable. The inner signal core is 
connected to measure the induced voltage signal, which is proportional to di/dt value. 
In this design, the primary winding and the secondary winding are set compactly and 
have the same turn numbers. 
ýc. m l; u indin_ 
(a) (b) 
Figure 4.18: Air-core mutual inductor for di/dt measurement (a): single layer design 
(b): double layer design 
In this research, the primary coil and the secondary coil are put in two separately but 
closely placed layers, as indicated by Fig(b) (the figure is just an indication of the 
windings). The main advantage is the increased measurement gain. Each sensor has 
19 turns winding for the primary winding and 40 turns for the secondary winding 
based on the dimensions of the windings and core used. Increasing the number of turn 
ratio between the primary and the secondary windings, can effectively enhance the 
amplitude of the output. In addition, between these two layers of windings, a layer 
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of metal foil connected to the ground is inserted, which helps to eliminate the stray 
capacitance between the two layer windings. The two coils are coupled well in the 
compact design and installation. For the sensor used in this research, its logically 
defined current derivative sensitivity [65] is calibrated as: 
Vsensor 
_ 
S_ 
di/dt 7.6µV"s/A 
(4.10) 
where Vsensor is the output induced voltage of the sensor, and di/dt is the input current 
transient changing. 
4.3.2 Filtering and Amplifying the di/dt Measurements 
Both the air-core mutual inductor and the Rogowski Coil show good linearity in a 
wide frequency range and exhibit good response to the current transients with high 
frequency. Figure 4.19 is a general plot of the sensitivity of this kind of sensor in the 
wide frequency range[95]. They lose effect at DC and very low frequency range below 
fA as limited by the basic theory of the Faraday's Law. The high-frequency limit fB 
is determined by the self-resonance of the coil and the inherent time delays at high 
frequency. fB can normally reach tens of MHz. 
a 
.ý A v 
Figure 4.19: Sensor sensitivity vs. frequency relationship 
During the PWM switching, due to the steep output voltage, there exist very high fre- 
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quency noise in the current transient signals. Although the high frequency noise does 
not have a large influence on the current waveform, it will become the dominant com- 
ponent in the output voltage of the di/dt sensor due to the differentiation operation. In 
this research, the current transients about several hundreds kHz are of interest because 
they are the resultant current response to the implementations of PWM voltage vectors 
via the stator circuit and contain the information of the saliency position. However, 
the switching oscillations resulting from the electrical magnetic interference (EMI) as 
discussed in 4.1, are much more amplified than the signal of concern and impair the 
precise sampling of the di/dt signals. For this reason, a signal processing circuit is 
added to suppress the high frequency noise. The circuit and parameters are shown in 
Fig 4.20. A RC low pass filter is used to filter out the high frequency noise and an 
amplifying circuit is used to improve the sensitivity. 
Jý 
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120kil 
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Figure 4.20: di/dt signal processing circuit 
The RC low pass filter is designed with the cut-off frequency fF 
-at about 250kHz, 
which is tunable by changing the resistance value. An inverting amplifier based on 
the operational amplifier is used to improve the sensitivity by introducing a fixed gain. 
However, with the design of most circuits with operational amplifier, a considera- 
tion of its bandwidth is required. The highest frequency and the fastest edge that 
the selected operational amplifier can process should be known. As a rule of thumb, 
CHAPTER 4. ACQUISITION OF DI/DT SIGNALS 108 
the gain and the bandwidth of a closed-loop operational amplifier circuit are always 
compromised, based on the principle that the product of the closed-loop gain and the 
bandwidth (GBP) is constant[96]. A good design should provide adequate bandwidth 
to support the signal and also function as an active filter at the noise frequencies. 
For the inverting amplifier shown in Fig 4.20, the amplifying gain is G= 
-R2/RI. 
The selected operational amplifier, AD711, provides a unity gain bandwidth of GPB = 
3MHz[97]. For the parameters of RI = 6kf and R2 = 36k. Q, the inverting amplifier 
has an inverting gain of G= 
-6. The closed-loop bandwidth of this amplifier circuit 
is about fAMP = GBP/Gcj 
,r= 
500kHz. 
4.3.3 Transfer Function of the di/dt Measurement Circuit 
The transfer function of the full measurement circuit can be derived, taking the current 
i as the input and the final voltage signal from the amplifier as the output. The sensor is 
ideally a derivative element, with the spectrum performance shown in Fig 4.19 added. 
fA (fA < 1Hz) and fB are decided by the sensor's design characteristics and located 
far away from the frequency range of interest. The low pass filter's transfer function 
is 
VLPF 1 COF (4.11) 
V, 
n 
1+RCs 1+OFs 
where coF is the low pass filter's cut-off frequency, mF = 2n fF =1 /RC. IF is around 
250kHz in this research. The inverting amplifier can be expressed as a fixed negative 
gain with a low pass filter. 
Vout OAMP 
VLPF 
A1+(. 
AMPS 
(4.12) 
where OAMP = 2nfAMP is the bandwidth of the inverting amplifier, fAMP is around 
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500kHz as a result of the compromise with the amplification gain A= 
-6. As shown 
by the bode plot, the current components with frequency higher than fAMP can be sup- 
pressed by this measuring circuit. For the lower frequency range, the output voltage is 
proportional to the current derivative value, as the system requires. The signal with the 
frequency of interest should be located in this range. The bode plot for the complete 
system is shown in Fig 4.21. 
* 20dß 
uLw. 
20dB 
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Figure 4.21: Gain-frequency relationship for the dildt measurement circuit 
4.3.4 Experimental Results for the di/dt Measurement 
Figure 4.22 shows the voltage signals measured at different points of the di/dt mea- 
surement circuit. Figure 4.22(a) and (b) are measured in two different switching peri- 
ods. 
Vsensor is the output voltage of the air-core mutual inductor di/dt sensor. It is seen that 
the current derivative waveform has been overwhelmed by the enlarged high frequency 
switching noise. VF is the output voltage of the RC low-pass filter. The noise has 
been much suppressed and the current response to the applied voltage vector can be 
recognized. But VF has a very low amplitude which is difficult to be sampled by the 
analog to digital converter. The output of the amplifier circuit vot is shown, which 
will be sent to the analogue to digital converter. As seen from the waveforms of VF 
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Figure 4.22: Measured di/dt signals: air-core mutual inductor output signal vsensor; 
low-pass filter output signal VF; amplifier circuit output signal v,, w 
and voj, the amplifier not only enlarges the signal, but also provides further filtering 
of the noise. Finally precise and sufficient di/dt signals can be obtained. 
4.4 Conclusions 
Position estimation schemes based on PWM voltage vector transient excitation require 
the current transient values to be measured. However, the high frequency switching 
oscillations in the stator current waveforms make the di/dt sampling difficult. In this 
chapter, the high frequency switching oscillations in the AC drive system are firstly 
analyzed. Common mode and differential mode noise are recognized and described 
from their sources, paths and influence on the output currents. The possible measures 
are presented for reducing the switching noise. The increased gate resistance of the 
IGBT shows effect on suppressing the high frequency noise in the output current, 
which then reduces the required minimum voltage vector width for di/dt sampling. 
The added snubber capacitor eliminates the voltage spikes and thus ensures IGBT's 
1 (5 us rdv 
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safe operation. This is not the only way to reduce the high frequency oscillations 
appearing in the current waveforms. Software compensation can remove the common 
mode noise in the sampled current derivative signals. 
The di/dt sensors are developed and utilized for current transient measurements. Two 
kinds of dildt sensors are introduced, the Rogowski sensor and the air-core mutual 
inductor. The latter is adopted in this research. Besides the di/dt sensor, signal pro- 
cessing circuits are also required, which includes the low pass filter and the signal am- 
plifier. The performance of the di/dt measurement system is experimentally tested. 
With the accurate di/dt measurement, the position signals can be obtained. 
Chapter 5 
Experimental Rig 
In this research, a three-phase PWM AC drive system has been designed and con- 
structed, in order to implement and investigate the sensorless strategies discussed in 
Chapter 3 and Chapter 4. The design considerations of the hardware and software of 
the whole system will be presented in this chapter. 
5.1 Overall System 
Figure 5.1 shows the overview of the entire system structure. The power circuit incor- 
porates the rectifier, the DC link, the inverter, and the PM motor. The gate drive boards 
transform the switching control signals into the inverter device gate signals. The dig- 
ital control system, including the FPGA (field-programmable gate array) subsystem 
and the DSP (digital signal processor) subsystem, provides the control platform and 
produces the user interface. 
The whole power circuit is fully assembled on one PCB, and connected with the AC 
power source and PM motor. The power rating of this system is designed to be less 
than 15kW. Highly precise current and voltage measurements and effective protection 
are achieved by using advanced sensors and signal processing. Current derivative 
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Figure 5.1: Overall block diagram of the AC drive system 
measurements are obtained by specially designed sensors for the sensorless control 
scheme. The encoder is still used in this system for comparison only and for the 
DC load driving system. Electro-magnetic interference (EMI) are minimized in this 
system, not only through the compact layout and the snubber circuits, but also by 
the special design of the gate drivers which provide the capability for a higher gate 
resistance. 
Vector control, or field-oriented control, is applied, which keeps the rotor magnetic 
field amplitude constant and controls the motor speed or position by applying appro- 
priate torque. SVPWM (Space Vector Pulse Width Modulation) is used for the con- 
tinuous voltage modulation with symmetric switching cycles and maximum DC link 
voltage utilization [741. Position estimation is based on the excitation from the fun- 
damental PWM switching with the measurement of the current derivative, as di/dt, 
signals. 
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5.2 Power Circuit 
A conventional voltage source converter is recognized in Fig 5.1 by its main compo- 
nents, including the rectifier, the DC link capacitors, the inverter devices, the motor to 
drive and all the power connections. In addition, it requires some peripheral circuits, 
such as circuits for measurement and protection. 
5.2.1 Main Circuit of the Three-phase Converter 
5.2.1.1 Main Components 
As shown in Fig 5.1, the three phase main AC power supply is fed into a diode rectifier 
module. This full-wave diode rectifier converts all the incoming AC power to a DC 
form which is further smoothed by the DC link capacitors. One pre-charge circuit is 
required between the diode rectifier module and the DC link capacitors, which limits 
the rate of change of the voltage across the DC link capacitors and the inrush current. 
The simplest pre-charge circuit can be a NTC (negative temperature coefficient) ther- 
mistor. When cold, its high resistance allows a small current to pre-charge the DC link 
capacitor, but after it warms up, it changes to a low resistance to efficiently pass the 
full load currents. However, in this system, a variable AC transformer (variac) is used 
to feed this system and so the in-rush current is naturally avoided. 
Electrolytic capacitors are commonly used as the DC link capacitors in power elec- 
tronic converters due to their high capacitance density. Electrolytic capacitors use di- 
electric properties of aluminum oxide. When the capacitor is charged and discharged 
electrons are stored in the dielectric. When the discharge mechanism is removed these 
electrons build up a DC voltage. Figure 5.2(a) is a commonly used electric equivalent 
circuit of one electrolytic capacitor, including the equivalent series resistance (ESR), 
the equivalent series inductance (ESL), the capacitance (C) and the parallel resistance 
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for the leakage current (R1eak)[98]. The current through the electrolytic capacitor will 
cause a power loss in it, mainly due to the ESR. 
+DC 
-DC 
(a) Equivalent circuit of an electrolytic capacitor (b) Connection of DC link capacitors 
Figure 5.2: DC link capacitor 
The DC link capacitors are used to smooth the voltage after the diode rectifier. The 
capacitance needed can be calculated from the required level of the voltage ripple 
by[99]: 
C= 
/ 
2x P (5.1) 
lU2 max - U2 X 
. 
frectifier 
or 
CP (5.2) 
Uripple X (Umax 
- 
Uripple/2) X . rectifier 
where P is the load power in watts, U,,,,,., is the highest value of the output voltage 
from the diode rectifier, and Umirr is the lowest value of the output voltage from the 
diode rectifier, and frecrtf; er is the frequency of the output voltage ripple. 
In this research, the output voltage of the 3 phase, '6 diode rectifier gives a frequency 
frecttfier as 300Hz. If the ripple is limited to within 40 volts, with the load power rated 
at 15kW, the required DC link capacitance can be roughly calculated to be 2016µF. 
According to the technology of the electrolytic capacitor, the maximum nominal volt- 
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age of electrolytic capacitors is absolutely limited, practically to between 500 and 600 
Volts [100]. Therefore, as in most drive systems, several capacitors in series or parallel 
are used to meet the requirements of capacitance and voltage rating. The resistances 
of the capacitors in series may vary from one to the other, and therefore high value 
resistors must be connected to each capacitor to balance the voltage. In this research, 
four capacitors, with ratings as 400V and 2200µF, are paralleled in two branches of 
dual series capacitors as shown in Fig 5.2(b). 
Many different types of IGBT modules are available in current market, discrete IGBT 
chips, IGBT bridge or three-phase IGBT package, etc. Proper selection of an IGBT 
involves two key points. The first is that the peak collector current during operation 
including any required overload current is less than the device rated current. The 
second criterion is that the IGBT operating junction temperature must always be kept 
lower than Tj( m ). It is preferred to use a higher current rated module if less cooling is 
employed. In this research SKM 50GB 123D is adopted, which consist of two IGBTs 
in series[89]. The free-wheeling diodes are also mounted inside for easy assembling 
and minimum lead inductance. The maximum current through the IGBT can reach 
50A, with sufficient tolerance for the operation in this research. Three of these IGBT 
bridge modules are mounted on a bonded fin aluminum heatsink. 
5.2.1.2 PCB tracks 
All the power components in this system are integrated onto a two-layer PCB, pro- 
viding more compact and more powerful connections than if conventional cables or 
busbars are used. Large copper tracks are embedded on both layers of the PCB for the 
main power current. The PCB layout accommodates all the modules and the surface 
mounted components of the power stage in the inverter. Instead of using the bus- 
bar or power cable, the PCB integration can also greatly reduce the EMI introduced 
by the connecting elements, because the PCB track or copper layer has much lower 
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impedance than that of a cable or busbar. 
The PCB track will heat up as the current flows through it due to its resistance, and 
the amount of resistive heating is governed by the width of the track, the thickness 
of the copper, and the resistivity of the copper. The resistivity of the copper is gen- 
erally a fixed standard value. According to the generic standard of the PCB design 
IPC-2221 [101 ], the diagram shown in Fig 5.3, is the widely used, informative and in- 
dicative method to decide the width of the PCB track according to its current capacity, 
or to estimate the temperature rise due to an electrical current[102]. Firstly according 
to the current requirement, find the cross-section area needed for the track to allow 
for a certain degree of temperature rise. Secondly, in the lower diagram determine the 
track width for the track thickness utilized. Conversely, if the track width and thick- 
ness are known, the temperature rise for a given current goes can be estimated from 
this figure. 
By consulting this graph, as an example for this research, a standard copper PCB 
track with 1 oz. thickness, capable of carrying a current up to 20 Amps with a 50°C 
temperature rise, would need to be 300 mils wide. The minimum width of the power 
traces the PCB developed for this research is 360mi1. 
Enough spacing should be kept between the tracks with high voltages to prevent arc- 
ing. In this research, the DC link voltage is about 620V under the normal operation, 
and to prevent creepage gap of more than 5mm is kept between the tracks with +DC 
and 
-DC voltages. The main tracks of the +DC bus and the -DC bus are placed respec- 
tively on the surfaces of the two sides of the PCB board, which optimizes the design 
space and improves the safety. 
5.2.2 Protection Circuits 
The protection circuit is very important for the safe and reliable operation of the whole 
system. The most 'common faults of an AC drive system are recognized[103] and 
CHAPTER 5. EXPERIMENTAL RIG 118 
(Fo wes M d. «r**. g aannt carrykV ap. cMy Mad dz. sf. trMd 
oopVae eoridvswnl for wulous twNwaboa f$MS abo s am61. M. ) 
pe 
»" 
a" 
w" 
3 ýf 
i" 
"1fwM1. of ý. pr wasp aa. ww 
cross KarwW w sa. ýt 
Fiyw+A E, xt. nd Conductors 
w 
11" 
I! t 
M 
1 s» m I. ft is MM some a» .Mww w" 
cam 5cM $9. N L$ 
Flour* 11 Cnnduetm width to crow section nialIonshlp 
Figure 5.3: Diagram from IPC-2221 for deciding current carrying ability of external 
PCB traces 
many reasonable solutions are provided with the rapid development of power elec- 
tronic technology. The main protection schemes can be categorized as the over-current 
protection, the over-voltage protection and the over-temperature protection. 
5.2.2.1 Over-current Protection 
Over-current problems are usually caused by short circuit conditions, and therefore 
the causes and the circuits of the possible fault conditions are analyzed to investigate 
effective over-current protection[ 103]. Three types of short-circuit fault conditions 
exist, indicated by Fig 5.4: 
a. Shoot-through fault. The short circuit current flows through one IGBT bridge mod- 
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ule. This may be caused by IGBT or diode destruction, or incorrect control, or 
a noise induced malfunction. 
b. Line to line fault. The short circuit occurs between two output lines. Miswiring or 
phase-to-phase insulation destruction can lead to this kind of short circuit. 
c. Ground fault. The short circuit current flows from the inverter to the ground point. 
The reason can be motor phase-ground dielectric breakdown or the incorrect 
wiring. 
(a) shoot through fault (b), line to line fault (c) ground fault 
Figure 5.4: Short circuit faults for a 3-phase inverter 
Over-current detectors can be inserted at specific places for effective protection of the 
drive system. In the event of a short circuit, the over-current is detected and then 
the IGBTs are disabled as soon as possible. The period from the over-current de- 
tection to the complete turn-off of the IGBTs must be very short. In this research, 
Hall effect current sensors are installed to measure the output currents and the current 
flowing through the 
-DC bus. The utilized current transducer has fast response, with 
the reaction time less than 500ns[104]. By measuring three phase output currents and 
the current going through -DC bus, over current is prohibited and thus the inverter 
is protected from the above short circuit faults. Fast hardware overcurrent protection 
is provided on the FPGA board by comparing the analogue transducer measurement 
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with a value set by a potential divider. If any of the three phase currents or the 
-DC 
bus current exceeds the preset threshold, a logic signal is created which can be used to 
trip the circuit. 
5.2.2.2 Over-voltage Protection 
The first type of over voltage protection is achieved by measuring the voltage across 
the DC link, and comparing it with a predetermined threshold value. This ensures that 
the DC link capacitors are not over-charged. 
However, due to the high speed switching of the IGBTs, the stray inductance in the 
circuit can cause high surge voltages at the terminals of IGBTs, especially during 
turn-off periods. The commonly used method is to add snubber circuits across the 
IGBTs. Different kinds of snubber circuits have been proposed, which can be RC or 
RCD, individual or lumped[103]. In this research, the easiest but still effective method 
adopted is to place a polypropylene capacitor of 470nF close to and across each IGBT 
module. Thus the high frequency surge currents are passed to the snubber capacitors, 
Csnubbe, 
, 
as shown in Fig 5.5 and the high voltage spikes are then considerably reduced. 
Figure 5.5: 3-phase IGBT bridges with snubber capacitors 
CHAPTER 5. EXPERIMENTAL RIG 121 
5.2.3 Measurement Circuits 
5.2.3.1 Current and Voltage Measurement 
The current transducers and the voltage transducers are all mounted on the main PCB. 
All of the three phase inverter output currents and the 
-DC bus current are measured by 
LEM current transducers (LAH 50-P[104]). This Hall Effect device provides precise 
and linear measurement, and also electrical isolation. The range of its AC measure- 
ment is ±50A. The DC link voltage and also two phase line-to-line voltages are mea- 
sured by the LEM voltage transducers (LV 25-P[105]), which is also based on Hall 
Effect and characterized by its high bandwidth and low common mode disturbance. 
For both kinds of transducers, the output is a current signal proportional to the mea- 
sured current or voltage. This is then transformed to a voltage signal by passing 
through a selected high precision resistor. Because the current signal shows higher 
noise immunity than the voltage signal in transmission, these resistors are placed on 
the FPGA board. The resultant voltage signal passes through analogue comparators 
preset with the trip threshold values. These comparators provide "instantaneous" over- 
current trip in hardware. The signals are then digitalized by the Analogue-to-Digital 
converters. 
5.2.3.2 Current Derivative Measurement 
The three phase current derivatives at the inverter's output side need to be measured 
for the position estimation scheme in this system. As described in Chapter 4, three 
handmade air-core transformers are built for the di/dt measurements. The output 
current of the inverter flows through the primary coils, while the induced voltages of 
the inner secondary coils are detected. The induced voltage across the secondary coil 
is proportional to the output current derivative value. ' 
These three di/dt sensors are placed at the output side of the PCB. Their output volt- 
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age are fed into a small PCB for signal processing, including lowpass filtering and 
amplifying circuits. The signals are then sent to the FPGA board, where they are 
sampled and digitalized. 
5.2.3.3 Rotor Position and Speed Measurement 
An optical quadrature encoder is fitted on the PM machine shaft to measure the rotor 
position. The output of the encoder, an incremental quadrature signals of 1024 pulses 
per revolution, is transformed to an absolute position signal by an encoder interface 
board. The encoder signal can be used not only for the position measurement of the 
PM machine, but also for the feedback required by the load drive. Thus an encoder 
board is built to split the signal and isolate both resultant signals, for use by the two 
drives. On the side of the PM machine drive, the output signal of the encoder is sent 
to the FPGA board, where the FPGA program detects the quadrature pulse edges and 
calculates the rotor position. The rotor speed can be obtained in the DSP program 
from the rate of change of the position signal. The key component of the encoder 
interface board is the quadrature decoder/counter IC HCTL2016[106]. This IC counts 
the positive and negative edges of both the encoder quadrature signals, which quadru- 
ples the resolution to 4096 pulses per revolution. The 16-bit counter is incremented 
or decremented depending on the direction of the rotation, and it is reset by the zero 
signal output from the encoder to yield the absolute position measurement. 
5.3 IGBT Gate Driver 
IGBTs are voltage controlled devices and require a proper gate voltage to establish the 
collector-to-emitter conduction. The safe operation and good dynamic characteristics 
of the IGBT depend on the design of its gate drive circuit. 
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5.3.1 Gate drive circuit 
The primary function of the gate drive circuit is to convert logic level control signals 
into the appropriate voltage and current signals for the efficient and reliable switching 
of the IGBT module. An IGBT is turned on when a positive voltage of typically 
15V is applied across its gate and emitter. Although the IGBT can also be turned off 
when there is no potential difference between the gate and emitter at steady state, a 
negative voltage bias is preferred to turn off the IGBT, in order to improve the IGBT 
immunity to the collector-to-emitter dv/dt injected noise, especially for the IGBT 
bridge application[ 107]. Also, the turn off losses can be reduced by choosing an 
appropriate negative bias voltage. 
For most high power IGBT modules, it is desirable to use completely electrically iso- 
lated gate drive circuits. That means the logic level control signal is isolated from 
the power supply for each gate driver. The advantages include: (1) Stable ON/OFF 
driving voltage level independent from the power device switching. (2) Possible high 
current output for the large IGBT modules. (3) Isolation of the control circuit from 
the power circuit switching noise and high voltage potential. The proposed compo- 
nents providing this electrical isolation can be discrete transistors, pulse transformers, 
optocouplers, or the optical fiber waveguides. Most discrete transistor designs do not 
provide sufficient safety and noise immunity. The pulse transformer is a traditional 
and simple solution but suffers from potential core saturation. The optical waveguide 
is only used for very high powers and where longer lines are required between the con- 
trol and power stages. The gate driver optocoupler IC integrates the LED light source 
and optical receiver for safe isolation, and the transistor for sufficient drive ability. 
The compact optocoupler IC can reduce power dissipation and save space on the gate 
drive board. In the gate drive board developed in this research, the HCPL-315J is 
adopted[108], which incorporates two separate channels of optocoupler circuits, suit- 
able for the dual-IGBT module used in this research. 
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1 
Figure 5.6: Gate drive circuit for one IGBT switch 
The proper operation of the IGBT depends not only on the proper gate voltage, but 
also sufficient gate current iG which flows out from or into the gate for charging or 
discharging. According to the charge required, it may be necessary to amplify the 
power by using a push-pull circuit, as shown in Fig 5.6, after the optocoupler. Isolated 
power supplies are used to supply the push-pull circuit and thus amplify the output 
signal of the optocoupler. This gate drive power supply should have high voltage 
insulation capability. The DC-DC converter block NMH0515DC[109] is used which 
has a nominal input as +5V and outputs of both +15V and 
-15V with a power rating 
up to 2W. The capacitance between each output and in the logic circuits is designed to 
minimize dv/dt induced noise. 
During switching or short circuit operation, the miller effect current[I10] may cause 
voltage across the gate resistor and voltage through the gate parasitic inductance. 
These voltages are added to the normal control state voltage causing surge voltage 
on the gate. In order to limit the gate voltage surges, it is desirable to implement 
gate voltage clamping. The simplest form is two back-to-back zener diodes connected 
from gate to emitter as shown in Fig 5.6. The zener break down voltage is 18V in 
this research. A IOM resistor RAE is placed between the gate and emitter close to the 
+15V 
+SV 
GND 
GND DI 
-15V 
+15V 
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IGBT, in order to prevent the possible destruction caused by the voltage applied to the 
power circuit when the gate circuit has'failed. 
The gate resistance has a significant impact on the dynamic performance of the IGBT. 
In this research, the gate resistance is made changeable by programming, instead of 
using a constant value as is usual. 
5.3.2 Changeable Gate Resistance 
Normally the IGBT utilized has a recommended gate resistance value, which is set ac- 
cording to the specific dynamic performance. One influence from RG is that, a smaller 
gate resistance charges and discharges the IGBT input capacitance faster, and so re- 
duces the switching time and the switching loss. However, a small RG can lead to high 
oscillations between the IGBT input capacitance and the parasitic lead inductance, 
which introduces oscillations in the IGBT output voltages and currents. The dvldt 
shoot through current can also be avoided by increasing RG. The surge voltage during 
switching becomes smaller when RG increases. 
In this research, as discussed in Chapter 3, the output current derivatives are to be 
measured during a specific vector of the PWM switching. In order to measure the 
dildt values precisely within a short period after the desired switching instants, the 
high frequency switching oscillations must be reduced. One effective method is to 
increase the gate resistance RG. The gate driver is thus expected to provide differ- 
ent gate resistance values, one for the normal operation cycles and one for the di/dt 
measurement cycles, which should be chosen by the program. 
For this purpose, two gate resistors, RG1 and RG2, are paralleled and placed between 
the output of the optocoupler and the gate of the IGBT. RG2 is in series with a cir- 
cuit functioning as a bi-directional switch. The switch is realized by two MOSFET 
modules in series with opposite directions as shown in Fig 5.7. The two MOSFETs 
are switched ON/OFF at the same time. When the ON signal is sent to them, part of 
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the gate current iG will go through one of the MOSFETs and the free-wheel diode of 
the other MOSFET, depending on its direction, or say, depending on if it is charging 
or discharging the gate of the IGBT. When the OFF signal is recieved, both MOS- 
FETs are blocked and no current goes through the branch of RG2. One point is, the 
control signal of the MOSFETs should be electrically isolated from the other part of 
the gate drive power circuit. The optocoupler and the isolated power supplies are also 
applicable, with the OV potential floating with the main gate drive circuit. 
+15 
ON/O 
ýý 
Figure 5.7: Changeable gate resistance utilizing MOSFET bi-directional switch 
During normal operation, the bi-directional switch is kept ON, and the gate current 
iG goes through both gate resistors. The equivalent gate resistance is decided by the 
paralleled RGW and RG2. When the motor current derivatives are to be measured, the 
bi-directional switch is turned off, and the gate resistance is equal to R11. No gate 
current goes through the branch of RG2 and the MOSFETs. The gate resistance signals 
are sent out from the DSP program. 
As discussed before, the gate resistance value is a compromise between the switch- 
ing noise and the switching loss. RGW and RG2 need to be selected according to the 
IGBT characteristic diagrams, as shown in Fig 5.8, from its datasheet[89]. Figure 
5.8(a) and (b) show the tendency of the switching time and the switching loss chang- 
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ing with the gate resistance. Because these plots are obtained under the conditions 
when the collector current IC = 40A, which is much higher than the current about I OA 
in the normal operation of this research, Fig 5.8(c) is also provided for understanding 
the relationship between the switching energy and the collector current. The recom- 
mended gate resistance value is 2752. If setting RG = 5491, twice of the recommended 
value, the turn-on time will be extended from 420ns to about 700ns, and the turn-off 
time extended from 80ns to about 120ns, according to the plot in (a). The switching 
loss will be increased but is acceptable by checking (b) and making relevant consid- 
eration of (c) for the normal operating range of IC. Two gate resistors are chosen 
as RGI = RG2 = 5452, and so the gate resistance applied on the gate driver will be 
2791 as recommended for the normal operation, or 54522 with the reduced switching 
oscillations when the current derivatives need to be measured. 
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Figure 5.8: Selecting gate resistance according to IGBT characteristic diagrams 
5.4 PM Motor 
The motor to drive in this system is a surface mounted permanent magnet synchronous 
AC servomotor, provided by Control Techniques with the serial number as 142UMC30. 
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It is a6 pole machine of power rating as 3.82kW. The machine parameters are listed in 
Table 5.1. The rated torque is 12.2Nm and thus the rated torque current in the vector 
control scheme can be calculated as 7.625A. To load this surface mounted PMSM, 
an DC machine drive system is used. A torsionally rigid coupling directly connects 
the shafts of both machines. The DC motor used for the load drive is rated at 5.6kW, 
allowing operation up to the nominal speed of PM machine. It is supplied from a four 
quadrant controlled rectifier. 
Model 142UMC30 
Number of Poles 6 
Rated Speed 3000rpm 
Rated Torque 12.2Nm 
Rated Power 3.82kW 
Kt 1.6Nm/A 
Ke 98. OVrms/krpm 
Inertia 20.5kgcm 
Rated Voltage 230VAC 
R(ph-ph) 0.9491 
L(ph-ph) 8.3mH 
Continuous Stall 15.3Nm 
Peak 45.8Nm 
Connection Y 
Table 5.1: Parameters of the surface mounted PMSM 
5.5 Control System 
The control system in this research is a general-purpose advanced digital system, 
developed by Dr Lee Empringham and Dr Maurice Apap for the PEMC Group of 
the University of Nottingham. The control system is programmed using a field pro- 
grammable gate array (FPGA) chip and a 32-bit float-point digital signal processor 
(DSP). The FPGA and DSP cooperate to realize the signal interfacing, data process- 
ing and command implementing. 
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5.5.1 FPGA Subsystem 
A ProASIC3, the third-generation family of Actel Flash FPGAs, is chosen due to its 
good features in power, price, performance and density. The ProASIC A50OK050 
used in this research is based on nonvolatile flash technology and support 100k sys- 
tem gates and up to 204 high-performance user I/Os. Centred with the FPGA chip, 
the A/D channels, LED fault display, D/A converter, user inputs and ouputs, etc, are 
incorporated for use on the board as shown in Fig 5.9. 
System Reset 
PWM Enable 
system 
initilization 
IGBTs Gate Drive PWM Generator Boards 
di/dt di/dt edge 
sensors modulation 
detecting 
current signal 
sensors modulation sampling and 
signal 
voltage readings 
sensors 
protection A/D 
detection converter 
LED fault 
notice position 
Encoder Encoder 
Board measurement 
FPGA Board 
Figure 5.9: FPGA board function structure 
DSP 
Board 
Nine A/D channels are available for sampling the data of three phase currents, three 
phase current derivatives, 2 phase line-to-line voltages, and the DC link voltage. Each 
channel has its own potentiometer and comparator to set the trip level for protection. 
For the precise timing of di/dl measurements, edges of the PWM signals need to be 
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detected based on the control scheme. All the A/D results are kept in the registers of 
FPGA for the use of DSP control program. The quadrature signals from the encoder 
board are processed in the FPGA to obtain the real position in time. The PWM block 
recieves the command vector sequence generated by the DSP program and generates 
the three-phase six IGBT switching voltage levels with the designed deadtime of 3µs. 
5.5.2 DSK Subsystem 
The C67XX DSP Study Kit (DSK) [111] is a standalone development platform that 
enables the users to evaluate and develop applications for the TI C67XX DSP family. 
The DSK comes with a full compliment of on-board devices that suit a wide variety 
of application environments. On the DSK board, a DSP TMS320C6713 operating at 
225MHz interfaces to the on-board peripherals through a 32-bit wide EMIF (External 
Memory Interface). The SDRAM, Flash and CPLD are all connected to the bus. 
The DSK provides three expansion connectors that accept plug-in daughter cards, 
which are for memory, peripherals, and the Host Port Interface respectively. The 
memory connector provides access to DSP asynchronous EMIF signals to interface 
with memories. The peripheral connector brings out the DSP's peripheral signals, such 
as clocks, timers. These two connectors are used to communicate with FPGA board 
in this research. And thus the DSP only focuses on mathematical calculations and the 
control scheme. The peripheral tasks and the logical operations are implemented by 
FPGA. The HPI connector is a high speed interface and brings out specific control 
signals. It is used for communicating with the user in this research, through an added 
extension card and USB connection, for sending the command signals and monitoring 
the system parameters. 
The DSP is programmed by a standard procedure, which performs in a clocked and 
periodic interruption service routine. The PWM period, equal to the interruption pe- 
riod, is set and maintained by a clock in the FPGA. The main work done by the DSP 
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includes, processing the measured data, estimating the position and speed signals, 
implementing three drive control loops, communicating with host program, all the 
initialization settings and the software protections. 
5.6 Conclusions 
One AC drive system has been designed and built in this research. Its design has 
been described in this chapter, including the power circuits, the analog circuits and 
the digital control system. The designed voltage-type power converter was presented, 
whose main circuit is integrated on a large PCB board, including the diode rectifier, 
the DC-link capacitors, the IGBT inverter, etc. The PCB tracks are designed to safely 
carry the currents flowing through the converter. The measurement system and the 
protection system were then explained. Gate drivers of the IGBTs send the control 
signals to the power devices. Their circuits are described in detail. A Special feature 
of this research is that the gate resistors are made changeable for the investigation of 
improvements to the sensorless control. The control algorithm works as the brain of 
the drive system. It is programmed through a DSP-FPGA control system. The logic 
coordination and the main interfacing tasks are implemented by the FPGA subsystem. 
DSP carries out the complicated mathematical calculations and control algorithms. 
Chapter 6 
Enhanced Position Estimation 
The process to obtain the position signal by measuring the transient currents under 
PWM voltage vector excitation, has been described in Chapter 3. However the esti- 
mated saliency position angle does not represent the rotor position angle directly. As 
the saturation saliency position is tracked to get the position signal in this research, the 
disturbances caused by other saliency harmonics should be eliminated. The saturation 
saliency is orientated with the air-gap flux position, and thus the angle shift between 
the estimated position angle and the rotor position should be compensated. Other 
noise should also be filtered out in order to achieve acceptable position or speed sig- 
nals. The schemes used to obtain the enhanced position estimation will be described 
in this chapter. 
6.1 Harmonic Disturbance Elimination 
The effectiveness of the saliency tracking methods depends on the assumption that 
only one single sinusoidally distributed spatial saliency is present in the motor. In 
this research, the leakage inductance modulation caused by the flux saturation is the 
dominant exploitable saliency for a surface mounted PMSM. Besides the dominant 
132 
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saliency to be tracked, other anisotropic properties behave as disturbances, which may 
impair the estimated position and speed signals. Their effect must be eliminated or 
reduced. 
6.1.1 Harmonics Existing in the Estimated Position Signals 
When a high frequency voltage excitation is applied to the motor, which can be the 
injected continuous high frequency signal, or the transient excitations of the PWM 
voltage vectors, the saliency position residing in the motor can be detected from the 
measurements of the motor current responses. However, the obtained saliency position 
signal contains many other harmonics. The two orthogonal estimated position signals, 
Pa and pp 
, 
obtained using the method described in 3.1 are shown in Fig 6.1(a). The 
SMPM machine is controlled at 100rpm, i. e. the stator current fundamental frequency 
fe 
= 
5Hz. The frequency spectrum of Pa and pß, obtained using the MATLAB FFT 
routine, are shown in Fig 6.1(b). 
As can be seen from Fig 6.1, the flux saturation causes the dominant saliency with a 
frequency of 2f, due to the symmetrical structure of the rotor magnet. Other saliencies 
have a minor influence. Although they do not prevent the position estimation scheme 
from working, they can make the estimated position and speed signals inaccurate and 
noisy. For the surface mounted PMSM used in this research, the main harmonics 
appear at fe, 4fe and DC. 
6.1.2 Main Methods of Compensating the Harmonic Disturbances 
The harmonic disturbance in the position estimation eeds to be eliminated. Several 
methods have been proposed to compensate or reduce their disturbing effect. 
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Figure 6.1: Estimated position signals from the PWM transient excitations and their 
frequency spectrum 
6.1.2.1 Space Modulation Profiling 
The space modulation profiling (SMP) technique is to characterize the general har- 
monic waveforms in a large look-up table [ 112]. It is found that the disturbance signals 
vary with the stator current angle and the load level, and have a very weak relationship 
with the speed. In this method, one fundamental rotation is discretized into a series of 
cells. The motor operates under different load levels in the sensored mode. The ideal 
position signals, pa and pß, can be derived from the encoder measurements and there- 
fore the disturbance signal is calculated and stored in a two-dimensional look-up table 
as Ap(isq, 9, ). For accurate profiling, the dimensions of this table should be large. 
Once the SMP table is established, the online compensation can be done by accessing 
this table with index of the estimated position angle 9, and the torque current isq. The 
obtained disturbance signals L Pa p are then eliminated from the estimated position 
signal. The process is shown in Fig 6.2. 
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Figure 6.2: Compensation diagram by SMP 
Good rotor position estimation with the SMP has been demonstrated in [68,112]. The 
SMP is suitable to compensate for the disturbances appearing over a wide spectrum. 
However, the SMP table has to be created offline in a sensored commissioning pro- 
cess, operating at different individual load conditions. The amount of information that 
should be stored needs to be investigated for different machines. A large memory is 
required for storing these disturbance data. 
[41] proposes an approach termed as spatial filtering, which is used to eliminate the 
saturation harmonics which for an induction motor are well separated from the posi- 
tion signal. The approach is similar, but simpler than the SMP described previously. 
A single lookup table is used, accessed by estimated rotor position and load level (isq). 
The lookup table provides the instantaneous value of the main saturation harmonic, 
and this is subtracted from the raw position signal to clean up the estimate. This 
lookup table can be commissioned using sensored control and a first order low pass 
filter operating the drive at various load levels. This technique is not applicable to de- 
rive the saturation saliency from other harmonics around the fundamental frequency 
as the case in this research. 
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6.1.2.2 Neural Network 
[113] utilizes an artificial neural network (ANN) for removing the flux/load depen- 
dence of the position estimated by the INFORM method in an induction motor. The 
input to the ANN should be the load current and the output is the disturbance com- 
ponent. Under sensored mode the ANN is trained through the back propagation al- 
gorithm at different load levels. The training has to be done offline in a separate data 
processing system. By comparing the estimated position with the real rotor position 
angle, the weighting factors in the ANN are tuned. After training, the resultant weight- 
ing factors of the ANN are then used for the online compensation of the estimated po- 
sition signals. The neural network technique makes the commissioning process much 
easier than that of the SMP table. 
[ 114] proposes a structured neural network to decouple both saturation induced and in- 
termodulation saliency components, as a feasible alternative to the random neural net- 
work in [ 113]. The proposed structure is based on the physical representation. There 
is a clear criterion for arranging the layers and neurons. Each harmonic component 
is estimated from its own subnetwork, which consists of organized layers particularly 
performing cosinusoidal/sinusoidal function, multiplications, or addition. Advantages 
with respect to the random neural network include the significantly reduced training 
time, less size and complexity, and the decoupling ability for as many harmonics as 
needed. 
[115] proposes a structure combining an FFT and a neural network, to eliminate 
the saturation induced harmonic from the slotting modulation position signal to be 
tracked. The ANN is trained using the amplitudes and angles of the disturbance sig- 
nal obtained from FFT analysis at different load levels. Only three layers and a few 
neurons are required. This technique also enables the separation of different harmonic 
components. This paper shows a reliable separation of the slotting signal at very low 
fundamental frequency even with high load. 
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6.1.2.3 Synchronous Reference Frame Filter 
The saliency position signal obtained from the PM machine with more than a single 
sinusoidally distributed saliency can be represented through the Fourier series as[10]: 
P(a, 13) 
- 
Fp(a, P)keJ(k`0, t+ek) (6.1) 
k 
where p(,, ß) is the total saliency position signal, k=..., 
-2, -1,0,1,2, 
... , 
is the har- 
monic number of the saliency, p(a, ß)k is the magnitude of the kth harmonic saliency 
signal, 9k is the initial phase angle of the kth harmonic component. In the PMSM, 
the stator current fundamental frequency fe is equal to the rotor operating frequency 
f, 
= 
CO, 
. 
For k=2, it is the saliency signal caused by the magnetic saturation, which 
is to be tracked in this research. 
The synchronous filter is used to extract a harmonic at a specific frequency using a 
low pass filter implemented in the reference frame rotating synchronously with that 
harmonic signal[ 10]. The block diagram of the synchronous filter which extracts the 
kith harmonic signal is shown in Fig 6.3. It firstly transforms the original estimated 
position signal onto the synchronous reference frame rotating at k; co which results in 
P(a. p) P(a, P)k, ei Oki +Y P(a, ß)keJ((k-k; )(o t+Bk) (6.2) kj4k; 
The DC components in pk ß) is retained by the low-pass filters, and these contain the 
information of the kith harmonic existing in the original position signals p(a, ß). This 
DC component can then be transformed back to its original waveform in the static 
reference frame by a reverse transformation. Thus p(a, ß)kjeJ(k`c), t+9kº) is separated out 
from the estimated position signals. 
Using the synchronous filters, the unwanted harmonic components in the estimated 
position signals can be extracted separately. Each synchronous filter branch behaves 
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Figure 6.3: Structure (a) and filtering effect (b) of the synchronous filter branch 
like a bandpass filter with its passband centred at its rotating transformation frequency 
ki o,, as shown in Fig 6.3(b). The bandwidth of the equivalent bandpass filter is de- 
termined by the bandwidth of the low pass filter within the synchronous filter branch. 
This can be explained by the transfer function of the kth filtering branch as 
Y(s) 
= 
(J(s+Ikir) 
I ISS_jkjwrI(s) 
s+ co'. J 
we 
(s 
- 
jk; cw,. ) + co, (6.3) 
where /(s) 
, 
Y(s) are the input and output of the synchronous filter branch, (q. is the 
cutoff frequency of the lowpass filter. 
To achieve a position signal without harmonic disturbance, the unwanted harmonics 
are extracted using the synchronous filters and then removed from the estimated po- 
sition signals. This filtering process is carried out online. It does not introduce a 
time delay. The resultant position signals are always synchronous with the original 
estimated position signals. 
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6.1.3 The Multiple Saliencies Existing in Surface Mounted PMSM 
As described in 6.1.2.3, the disturbance harmonics can be extracted by synchronous 
filters. In the rotating synchronous reference frame, the target harmonic exists as the 
DC components on the orthogonal d- and q- axes, Pd and py' 
. 
The main disturbance 
harmonics found in the surface mounted PMSM used in this research, show at the fre- 
quencies of DC, fe and 4f, These harmonics can be extracted separately at different 
load levels and their origins will be investigated. 
The harmonic in the reference frame rotating at k; wr, is represented by Pd and pq' 
which can be transformed to the signals with the amplitude jpki I and the phase angle 
Oki. The transformation is shown in Fig 6.4. To analyze these harmonics for the 
machine used here, the surface mounted PMSM was operated under different load 
conditions. The values of lpki I and Oki are recorded when the torque current isq varies 
between 
-7A and +7A. 
ki 
pa 
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pd j(pki)2+(pk: )2 
P 
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p k, 
arctan( ry pQ LPF pqr 10 Pä' 
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Figure 6.4: Synchronous branch for analyzing the harmonic vectors 
The extracted DC harmonic components are shown in Fig 6.5. As isq changes, the DC 
harmonic amplitude Ip°I and phase angle 6° show symmetrical and linear distribution. 
Its spatial angle follows that of the the air-gap flux instead of the rotor position. Its 
magnitude changes linearly and proportional to the torque current isq. 
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Figure 6.5: Experimental measurements of the DC harmonic component changing 
with the load current isq 
One cause of the DC component may be unbalance in the di/dt measurements due 
to the imbalanced sensors or signal processing circuits. It is not the main reason in 
this case because of the dependence on the torque current. Another possible reason 
for the DC harmonic in Fig 6.5, is the intermodulation from two different saturation 
effects. As is known, the rotor magnet establishes a flux density of approximately 
sinusoidal distribution in the air gap with its maximum in the rotor d-axis direction. 
Under no load, that is isq = 0, the stator iron directs and concentrates this flux pro- 
ducing stator tooth saturation in the d-axis direction, as shown in Fig 6.6. This effect 
produces an increased equivalent air-gap length for the main d-axis flux resulting in 
a reduction of the main flux inductance on the d-axis. Due to the orthogonal position 
between the stator windings and their magnetic axes, this main flux also affects the 
stator leakage flux path, causing a spatial modulation of the leakage inductance. The 
reduction of the permeance of the leakage flux path causes a reduction of the q-axis 
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leakage inductance. These two saturation effects work in opposite directions. Thus 
the magnetizing inductance variation from the saturation effect is dominant, which is 
the saliency tracked for position estimation in this research. 
When the motor is loaded, that is isq increases positively or negatively, the q-axis 
stator current creates a flux termed as Lqisq. A shift of the air-gap flux distribution 
towards the q-axis appears. The maximum flux density will not be aligned with the d- 
axis, which makes the air-gap flux direction dependent on the load current isq. Both of 
these two kinds of saturation effects are influenced by the torque current. As these two 
saturation effects possess the same frequency and opposite directions, their possible 
interaction effect may give rise to the harmonics at DC and 4fe. 
/1 
Figure 6.6: Saturation effects in SMPM machine with concentrated d-q windings 
The harmonic with the fundamental frequency fe is generated by the physical asym- 
metries in the AC motor, which can be the engineering imbalance of the stator wind- 
ings, the rotor magnetics, or any kind of non-smooth design. Because it comes from 
the physical construction of the machine, the fundamental harmonic vector should 
4 (-+ 
CHAPTER 6. ENHANCED POSITION ESTIMATION 142 
not be influenced by the torque current. This is verified by the experimental results 
shown in Fig 6.7, which shows that the magnitude Ipt I and phase angle 0t have little 
variation with load except the direction. 
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Figure 6.7: Experimental measurements of the component of the fe harmonic distor- 
tion with load current (isq) 
The harmonic of 4f, probably results from different saliencies existing in the machine. 
This can explain the unclear tendency of the waveforms of harmonic at 4fe as shown 
in Fig 6.8. One source of the 4f, harmonic is the non-sinusoidal rotor flux distribu- 
tion. For one electrical rotation of the rotor, the quadrature winding locates at four 
quadrature positions as shown in Fig 6.6. The leakage flux caused by the winding 
currents, if not ideally sinusoidally distributed, can give rise to a saliency of 4fe. This 
saliency is not influenced by the load level. Additionally, as with the DC harmonic, it 
may arise from the intermodulation of two opposite saturation effects. 
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Figure 6.8: Experimental measurements of the component of the 4f, harmonic distor- 
tion with load current isq 
The saliencies existing in the AC motor are complicated and may vary from motor to 
motor. They are not easy to explain clearly. Using a frequency spectrum to define 
the harmonics in the estimated position signals and removing separately the influen- 
tial harmonics, is an easy and effective way to improve the quality of the estimated 
position signals. This improved position signal can be used for high performance 
sensorless control system. 
6.1.4 Adaptive Disturbance Identifier 
Although the synchronous filter theoretically works well to extract the target harmon- 
ics, its effect is limited in the low frequency range. As discussed in 6.1.2.3, each 
synchronous filter behaves like a bandpass filter centred at its target frequency with 
the bandwidth of the low pass filter. When the machine is running at very low speed, 
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the disturbing harmonics and the saturation saliency to be tracked locate very close to 
each other in the frequency spectrum. The passband of these synchronous filters can 
not be too narrow because their induced time delay should be acceptable. This causes 
difficulty for separating and filtering these harmonics using synchronous filters alone 
in the low speed range. 
In this research a small look-up table is utilized to solve the problem of the syn- 
chronous filter at low speed. Because these harmonic disturbances have weak de- 
pendence on the rotor speed, if the torque current is constant, each harmonic vector 
should have constant magnitude and phase angle in the reference frame rotating at 
its frequency. Figure 6.9 shows an adaptive disturbance identifier scheme, combining 
the synchronous filters with the look-up table. When the motor speed is above the 
threshold value (20rpm in this research), under different load levels, the synchronous 
filters work as normal. The measured DC components of the harmonic signals in each 
synchronous reference frame, Pd and pq', are recorded in the table with index of the 
torque current isq. When the speed is lower than the threshold value, these data can 
be accessed using the torque current at that time, and the data are used to rebuild the 
harmonic waveforms for the disturbance compensation. This avoids the filtering dif- 
ficulty due to the filter bandwidth in the low speed range. Depending on the speed, 
the switch Stk(k = 0,1,4) decides if the harmonic signals should be extracted from 
the synchronous filter or from the value stored in the memory. At higher speed, the 
synchronous filters work normally to extract the harmonics and compensate the dis- 
turbances. The switch Sek (k = 0,1,4) controls the learning process. 
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Pa 
Pß 
's9 
Figure 6.9: Structure of the adaptive disturbance identifier for removing DC, fe and 
4fe harmonics 
6.1.5 Experimental Results for the ADI 
The performance of the proposed ADI for eliminating the harmonic disturbances from 
the estimated position signals is satisfactory. Results at two different operating fre- 
quencies are shown. The estimated position signals before and after the ADI is used 
are shown in Fig 6.10, when the machine is running at 5rpm, i. e. the stator current 
fundamental frequency fe is 0.25Hz. The upper plots in Fig 6.10 shows the waveforms 
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of pa and pß 
, 
before and after compensating the harmonics of DC, fe and 4fe. The 
lower plots show their frequency spectra. It can be seen that these harmonics are much 
reduced. At this frequency, the harmonic information is obtained from using the look 
up table. 
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Figure 6.10: Elimination of the main harmonics by the ADI with fe = 0.5Hz 
Similar experimental results at 100rpm, that is fe = 5Hz, are shown in Fig 6.11. The 
estimated position signals before and after the disturbance compensation are com- 
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pared. The effectiveness of the ADI can be seen. At this frequency, the harmonic 
components are extracted online by the synchronous filters. 
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Figure 6.11: Elimination of the main harmonics by the ADI with fe = 10Hz 
The memory required by the ADI scheme is much less than other compensation 
schemes of [68][411, because only the DC components are required for each har- 
monic at any load level. The look-up tables can be updated during normal operation. 
However the compensation will not be exact under transient conditions. 
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6.2 Position Phase Shift Compensation 
The saturation saliency is oriented with the air-gap flux position, instead of the rotor 
position. The current in the q-axis stator windings creates an additional flux, which 
deviates the air-gap flux distribution towards the q-axis. The saturation saliency is 
misaligned from the rotor direction indicated by the d-axis. To obtain the actual rotor 
position, this angular difference should be compensated. The compensation method 
used in this research is realized by a look up table. This table is built up through a pre- 
commissioning process with sensored control and is accessed by the torque current i, sq. 
This commissioning process records the angle difference between the measured rotor 
position and the estimated saliency position under different load levels. The resulting 
curves commissioned at different speeds are shown in Fig 6.12. The phase shift is 
only influenced by the torque current, not the operating speed, as expected. 
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Figure 6.12: Position phase shift compensation curve 
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6.3 Mechanical Observer 
Besides the harmonics appearing at specific frequencies, some high frequency dis- 
turbance also exist in the estimated position signals. These mainly come from the 
random noise and other high order harmonics. These noise components have small 
magnitudes compared with those of the saliency signals. However, because the speed 
signal is derived from the differentiation of the position signal, the high frequency 
noise will be amplified in this process due to their. high frequency property and will 
appear on the estimated speed. 
Filtering of the estimated position signal is not an acceptable ripple reduction solution, 
because the lag associated with the filter can degrade the closed-loop performance. 
The phase shift caused by the filter will make the estimated position signals unaccept- 
able to use as feedback. The strategy of the phase-locked loop (PLL) is proposed in 
[68]. The limitation is that PLL does not employ the actual torque command and in 
the dynamic period it only responds when the speed change occurs and is deleted. 
Thus this strategy introduces an unnecessary lag during torque variations. For appli- 
cations with torque disturbances, or during acceleration or deceleration, the dynamic 
performance of the speed and position loops will be poor. ' 
A tracking observer is proposed in [10] as a method for reducing the estimation noise 
and generating a superior estimate of the rotor position and speed. The observer uses 
the electromagnetic torque command is9 as a feedforward input, which provides zero 
lag. The speed and position tracking observer implemented in this research is shown 
in Fig 6.13. This observer is based on the mechanical model of the real drive system 
and thus referred to as "mechanical observer". - The torque current command isy acts 
as the feedforward input to the observer. The original estimated position signals, pa 
and pp 
, 
obtained from the saliency tracking scheme are fed to the observer as the 
command input. The rotor position signal derived by this observer 0, is fed back to be 
compared with the command input, making it a closed-loop observer. The phase error 
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is obtained from the cross-product between the input estimated position signals, pa 
and pp 
, 
and the observer output position signals, pa and pß 
. 
The gains ko p, k0j, and 
kod determine how rapidly the closed-loop observer will converge to the real system. 
Pa 
Pß 
Figure 6.13: Diagram of the mechanical observer 
The mechanical observer can be designed independently from the other parts of the 
drive system[116]. If there is significant measurement noise in the estimated position 
signals, the parameters of the observer controller should be kept low to avoid ampli- 
fying the noise, which also limits the observer response time. However one impor- 
tant design consideration is that, in order to provide acceptable feedback the observer 
should be fast enough compared with the dynamics of the physical system. One rule 
of thumb that exists is that the observer should converge 5 to 10 times faster than the 
closed-loop system does[l 17]. When tuning the observer controller, the trade-off be- 
tween the dynamic performance of the observer and the amount of noise suppression 
is the main issue. 
In this research, the mechanical observer is designed to have a bandwidth of 36Hz, 
providing both acceptable position and speed estimation and satisfactory dynamic re- 
sponse. Using the method of root-locus, the PID controller of the mechanical observer 
as shown in Fig 6.13 is designed as: 
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Gc(s) 
= 
7.57 x 103 x 
(1 + 0.033s)(1 + 0.017s) (6.4) 
s 
Thus the parameters in Fig 6.13 are: 
kop 
= 
378.5, koi = 7.57 x 103, kOd = 4.247 
The experimental results in Fig 6.14 and Fig 6.15 show the output of the mechanical 
observer, when the PMSM is controlled at 10rpm and 100rpm respectively. It can 
be seen that the position signals obtained by the mechanical observer are free from 
the high frequency disturbances. The estimated speed signal chr is acceptable at both 
speed range. 
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Figure 6.14: Experimental outputs from the mechanical observer at 10rpm 
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6.4 Conclusion 
The estimated saliency position signal needs to be enhanced for sensorless control. In 
this chapter schemes have been introduced to improve the position signals estimated 
from the saturation saliency tracking. The disturbances caused by other harmonic 
saliencies appear as a series of components rotating at the frequencies at kfe. An 
Adaptive Disturbance Identifier, which combines a group of synchronous filters with 
a small look-up table, is used to eliminate the harmonic disturbances. When the motor 
is running above a threshold speed, the targeted harmonics can be extracted by the 
synchronous filters and then compensated in the estimated position signals. The har- 
monic information is also stored in the look-up table, which is used when the motor 
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is running below the threshold speed. Compared with other disturbance elimination 
methods, the ADI scheme shows advantages, such as low memory requirement, easy 
pre-commissioning process, identification of the harmonics, and online memory up- 
dating ability. 
The phase error between the air-gap flux position and the rotor position is compensated 
online by a look up table. The table is build up during a commissioning process. After 
the harmonic disturbance elimination and the phase error compensation, a tracking 
observer based on the motor mechanical model is developed. The mechanical observer 
is a good solution to reduce the random noise in the estimated position signals, and 
provides the improved position and speed signals for the high performance sensorless 
control system. 
Chapter 7 
Closed-loop Sensorless Position and 
Speed Control 
In this chapter, the position estimation scheme only using the fundamental PWM exci- 
tation as explained in Chapter 3 and the techniques to improve the position and speed 
estimated signals as detailed in Chapter 6, are implemented on the experimental rig 
described in Chapter 5, in order to achieve high performance full sensorless control of 
a surface mounted PMSM. The design procedure of a cascaded control system will be 
described in this chapter. Then the full sensorless position control and speed control 
are investigated. 
7.1 Overall Structure 
The overall structure of both the control system and the power converter is shown in 
Fig 7.1. 
The motor parameters have been described in 5.4. The power converter includes the 
rectifier, the DC link capacitors, the IGBT inverter, the measurement circuits and the 
protection circuits as described in Chapter 5. The control schemes are realized through 
154 
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Figure 7.1: overall structure of the sensorless vector control system 
a DSP-FPGA coordinated platform, where the DSP system performs the main part of 
the controlling algorithm and the FPGA system deals with almost all of the logical op- 
erations. A human plant interface (HPI) board is used for the communication between 
the converter and the PC for the data acquisition and program loading. 
In a sensorless control system, the speed and position signals are obtained by the po- 
sition estimation schemes. One optical encoder is installed for control of the loading 
system. All the signals being measured include the three-phase currents for the vector 
control, the three-phase current derivatives for the position estimation, and the DC 
link voltage for PWM signal generation. The position signals are estimated from the 
current derivative signal using the scheme introduced in Chapter 3. The adaptive dis- 
turbance identifier and the mechanical observer are designed according to the quality 
of the estimated position signals, in order to get accurate rotor position and speed sig- 
nal. The estimated rotor speed and position will be used for the flux orientation and 
control feedback. Three control loops, namely the current loop, the speed loop and 
the position loop, are designed in sequence. 
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After the pre-commissioning setups, both the position sensorless control and the speed 
sensorless control can be carried out in the full speed range and full load range. 
7.2 Rotor Position Estimation 
7.2.1 PWM Excitation and Current Derivative Measurement 
To apply the command voltage vector to the motor through the voltage source inverter, 
SVPWM sequence is implemented. The PWM sequence period in this research is set 
to be 100µs, synchronized with the current sampling frequency. 
As described in Chapter 3, in order to measure accurately the current transient re- 
sponses resulting from the voltage vectors applied to the motor, the voltage vectors 
are required be wide enough, so that any high frequency noise caused by the IGBT 
switching can be avoided from the di/dt sampling. However, the vectors in the fun- 
damental PWM sequence may not satisfy this requirement especially under low speed 
operation or during sector crossings of the rotating voltage vector. Narrow PWM ac- 
tive vectors have to be extended for correct di/dt measurement. The extension effects 
should be compensated to ensure the basic vector control scheme unchanged. Differ- 
ent schemes have been described in Chapter 3. In this chapter the sensorless control 
system uses the method as described in 3.1, because it results in the lowest current 
disturbance and lowest audible noise. 
Three handmade air-cored mutual inductors are connected in series with the inverter's 
three-phase outputs and are used as the di/dt sensors. The structure and dimensions 
of the di/dt sensors in this research have been illustrated in Chapter 4. In this research 
the position estimation is carried out once every 8 PWM cycles. This means that the 
position signal sampling frequency is 1.25kHz, which is high enough for flux orienta- 
tion and position feedback. The active vectors where the di/dt samplings occur, are 
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guaranteed to be wide enough. Note also that, the gate resistance of the IGBTs, in the 
gate drive circuits, are doubled during these sampled vectors. This is realized through 
the dual-MOSFET bi-way switching circuit described in Chapter 5. It is controlled by 
a signal which indicates if the di/dt sampling will happen in a particular PWM period 
or not. The enlarged gate resistance helps to suppress the high frequency switching 
noise and reduce the requirement for the minimum period of the active vectors tdmjn. 
In the experiments of this chapter, the threshold is set as tdm, = 5µs. This means, for 
the active vectors which are initially less than 5µs and their current transient responses 
are to be measured, they will be extended to 5µs. 
7.2.2 Derivation of the Rotor Position 
The estimated position vector obtained from the di/dt measurements actually reflects 
the total saliency position in the motor, which is a combination effect of the saturation 
saliency to be tracked and various other harmonic saliencies. The ADI as discussed 
in Chapter 6 is used to extract and eliminate the harmonic disturbances at DC, fe, 
4fe, and 8fe 
. 
There is a difference between the rotor position and the saturation 
saliency position, which is caused by the q-axis flux generated by the torque current. 
This difference is compensated by' a lookup table, which is addressed by the torque 
current value as shown in 6.9. There is also high frequency noise appearing in the 
estimated position signals ranging from several kHz to hundreds of Mhz. This noise 
will be highly amplified in the estimated speed when differentiation is performed on 
the estimated position. The mechanical observer is then designed to create acceptable 
position and speed outputs. The observer design is a compromise between its noise 
suppression ability and the dynamic response. In this research, the bandwidth of the 
mechanical observer is set to be 36Hz, as has been explained in 6.3. 
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7.3 Sensorless Vector Control Design 
7.3.1 Current Control Loop 
In the inner layer of the cascaded vector control system shown in Fig 7.1, there are 
two independent fast current control loops, the flux current isd loop and the torque 
current isq loop. Due to the symmetry of the surface mounted PM machine, these two 
loops have identical design. The mathematical model for the electrical quantities of 
the surface mounted PMSM, in the synchronously rotating reference frame aligned 
with the rotor flux linkage, can be expressed as[19]: 
d)sd 
vsd = rsisd + O)rq + W- t 
Vsq = rsisq + O)rAsd + 
ddtg (7.1) 
4d 
= 
Ls isd +). m 
, 
ksq 
= 
Lsisq 
where )sd and Asq are the stator flux linkages in the d- and q- axis; vsd and Vsq are 
the stator voltages in d- and q- axis; is the permanent magnet flux linkage; co,. is 
the rotor speed. After cancelling out the cross-coupled terms, the resultant dynamic 
equations can be simplified to 
_ 
Vsd Rsisd+Ls 
d 
dtisd 
d 
Vsq RSISg+LsdtIs9 (7.2) 
The transfer functions from the command voltages to the stator currents are then given 
by 
Vsd (S) 
- 
ys9 (S) 
__ 
1 
isd(S) isq(s) Lss+RS (7.3) 
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and with the machine parameters given in Table 5.1, they yield 
Vsd(S) 
_ 
usq(s) 
=1 (7.4) isd(s) isq(s) 4.15 x 10-3s+0.47 
The current loop controllers are designed as PI regulators to achieve the zero error 
closed-loop tracking response. Using the root locus method, the PI parameters are 
designed with a closed-loop cut-off frequency of ww = 500Hz and a damping factor of 
4=0.7. It yields 
9.49s+9.49 x 103 Gcd(s) 
= 
Gc4(S) 
= (7.5) S 
Given the sampling frequency of the stator currents, fsample = IOkHZ, the controller 
can be easily digitalized as 
G, d (z) = Gcq(z) = 
10.439 (z 
- 
0.9091) (7.6) 
z-1 
It should be noted that, in sensorless control, the position orientation is carried out 
every 8 PWM periods. It does not influence the current controller design and the 
dynamic response of the current loop, because the current sampling frequency is much 
higher than the rotor's operation speed. 
The torque current command isy is the output of the PI regulator in the speed loop 
as shown in Fig 7.1. The speed loop has a much lower sampling frequency than the 
current loop. Therefore steps will appear in isq. Due to the high bandwidth of the 
current loop, sharp changes in the command current will result in sharp changes with 
overshoot in the stator currents. Smooth operation is desired. For this reason, both of 
the current commands, isd and is9, are prefiltered. The prefilter is designed as (7.7) to 
eliminate the overshoot caused by the zero z=0.9091 in the current controllers closed 
loop transfer function: 
0.0909 G`Pj 
z-0.9091 
(7.7) 
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Figure 7.2(a) shows the response of the current control loop to a step change of the 
torque current command, while the flux current is controlled at zero as is usual. The 
effect of the prefilter can been seen from the enlarged plot in Fig 7.2(b), where no 
overshoot exists. 
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Figure 7.2: current control response to step changes in isq (left: isd and isq; right: 
isyand isq) 
7.3.2 Speed Control Loop 
The high bandwidth of the current loops allows their closed-loop dynamics to be ne- 
glected when designing the speed loop. Hence the dynamic response for the speed 
loop is dominated by the mechanical system. As the SMPM machine in this research 
is also connected to a DC drive to obtain controllable loading, the shaft coupling 
changes the inertia and friction of the system from the nominal values in the datasheet 
of the PM machine. The transfer function of the mechanical system, as the control 
object, has to be identified. 
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The mechanical system of the plant is modeled as 
Gpo 
isq JS +B (7.8) 
A step command is applied to the torque current i, 3q loop, with the flux current isd kept 
zero, and the speed response is recorded. Using a curve fitting method, the response 
curve can be identified as a transfer function of: 
= 
1.6 (7.9) G°° 0.02267s + 0.03616 
i. e. the plant parameters are 
Jp = 0.02267, ßp = 0.03616. 
In servo drives a high bandwidth is desirable. However, the maximum rate of change 
is limited by the inertia and the maximum electrically developed torque, and is quite 
slow compared to the current control loop. The resolution of the encoder and the 
speed sampling time also have an influence on the sensored system. For the sensorless 
control system in this research, the speed control response is limited by the dynamic 
response of the mechanical observer. As described in Chapter 6, the mechanical ob- 
server cannot be designed with a high bandwidth due to the noisy characteristics of the 
estimated position signals. The speed loop should have a bandwidth of about 5N 10 
times lower than that of the mechanical observer. The control loop is designed sep- 
arately from the estimation subsystem. In this research, the compromise is made as 
that the bandwidth of the mechanical observer is about 40Hz, and the bandwidth of 
the speed loop is about 8Hz. Based on the plant transfer function we can derive the 
speed loop PI controller as (7.9): 
Gc_0.6x(s+17.857) (7.10) 
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Due to the large mechanical time constant compared with the bandwidth of the current 
loops, the speed controller can operate at its limit for a relatively long period of time. 
Therefore an anti-windup algorithm should be used. 
7.3.3 Position Control Loop 
The outermost loop of the cascaded system shown in Fig 7.1 is the position loop. 
Only a proportional controller is required for this loop, because the inherent integral 
relationship in the plant, 9r =f °o,, can guarantee zero steady state error of both the 
speed and the position to their reference commands. The dynamic response of the 
speed loop designed above should be considered when deciding the position loop 
gain. In this research, with the bandwidth of the speed loop as 8Hz, the position loop 
gain is set to be kP = 2, which produces a bandwidth of 4Hz. 
For the position control, the motor is required to rotate from one specific position 
angle to the other angle instantaneously. However, if the motor does this with a square 
or trapezoidal position profile, its velocity will show a sudden change from 0 to the 
maximum and then back to zero suddenly. The sharp corner in the position profile 
produces not only the sudden change of the speed, but also abrupt surge, actually 
infinitely impulse, with the torque. Sudden acceleration or deceleration tends to reduce 
the life of the mechanical components, or even damage the application. To avoid 
this phenomenon, the transition to a new position needs to occur smoothly by slowly 
reaching a target acceleration or deceleration. The S-curve function defines a smooth 
response yet still maintains a high acceleration. The effect of the S-curve position 
profile on the speed profile and the torque profile is shown in Fig 7.3. Smoothing out 
the corners of the position command using the S-curve reduces the abrupt change in 
the speed and also the torque impulses. 
Due to the relatively low bandwidth of both the position loop and the speed loop as 
designed above, the servo lag phenomena exists and influences the tracking dynamic 
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performance. One approach to improve the response is to place the feed forward con- 
troller at the system's inputs. As shown in Fig 7.4, the speed command value and the 
torque command value can be predicted from the position command 0% because the 
relationships between these variables are precisely known. The command feed for- 
ward compensation has the advantage that its design is independent of the parameters 
of the position loop controller and the speed loop controller. In this machine drive 
system, the feed forward algorithm is 
FFo (s) 
=s (7.11) 
and 
FF(, (s) 
= 
Js+B (7.12) 
The predicted commands are added to the loop controllers' output for compensating 
the delay due to the control lag. The internal feedback loops are used to suppress the 
effects due to the system's uncertainty and the feed forward control loops are used to 
improve tracking performance. 
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Figure 7.4: Position Control with Feed Forward Loops 
7.4 Experimental Results for Sensorless Speed Control 
7.4.1 Speed Reversal Operation 
The ability of the sensorless control at low speed is firstly assessed by speed reversals 
from 10rpm to 
-10rpm (i. e. the stator fundamental frequency from 0.5Hz to -0.5Hz). 
This experiment is repeated under zero and heavy load conditions. 
7.4.1.1 Low Speed Reversal With no Load 
The speed and position response when no external load is applied are shown in Fig 
7.5 and Fig 7.6, for the sensored and sensorless control respectively. The machine is 
accelerated to 10rpm, speed reversed to 
-10rpm, and then stopped. The 6fe periodic 
disturbance, appearing in both sensored and sensorless control results, is probably 
produced by the cogging of the PM machine. The sensorless speed control does not 
show a big difference from the sensored control. Both the steady state performance 
and the dynamic response are good. 
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7.4.1.2 Low Speed Reversal With Full Load 
The low speed reversal results under the rated load (i. e. the torqure current is around 
7.6A) are shown in Fig 7.7 and Fig 7.8 for the sensored and sensorless control respec- 
tively. The load machine is controlled to keep a constant torque output in the negative 
direction. Compared with the sensored control, the sensorless control at low speed 
shows satisfactory results. 
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Figure 7.7: Sensored control for low speed reversal with full load 
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7.4.1.3 Higher Speed Reversal With No load 
Similar speed reversal experiments are carried out at higher speed. The PM machine 
is accelerated up to 300rpm (i. e. the fundamental frequency fe = 15Hz), reversed to 
-300rpm, and then stopped. This experiment is repeated without and with external 
loads. 
The measured and estimated speed responses of the sensorless controlled system are 
shown in Fig 7.9. The measured torque current and rotor position signals are also 
plotted. These results show good dynamic response and controllability of this sensor- 
less control system. At steady state, the position estimation error is very small and the 
speed estimation error is within ± 15rpm, that is within 5% of the running speed. 
7 
e_........... 
.... 
UO 
... 
6_.. 
q 
.. 
3_ 
. 
ý.. 
..... . 
j...... 
. ...... . 
p_.. 
Q 
. ý. . ......... \. ... i... " .... ý... . ý. . 
-1 Iittt 
CHAPTER 7. CLOSED-LOOP SENSORLESS POSITION AND SPEED CONTROL 168 
rpm rpm 
400 400 
{....... 
. 
400 
.......... .... -t _.... goo 
................ 
i 
"" -! ° _. -} ..... 
ßO0 
................. ........ 
L. 
... 
{. 
.... ......,.. 
_.... ýý 
..... ..... .... .... 
.... 
'Is 
a 03 Za -4%Z o o"s ý, s a2 
A rad "-w- t(6) 
4 
..... ... 
.1........................... 
rpm 
SQ ..... ..... 
... _. _}..... ............... 
is x xe a 
7 
6 
.... .Q....... 
6 
..... 
- ................. 
Q 
..... 
.... - ..... 
f..... 
öe 
o as I is s a's p 
ao 
_. .... aý 
o. ia 
m 
--° -------- 
i 
----- -t........ -------- 
i- 
ov 
a as 
oa 
a ae 
xo 
--- --- . ............... .... _ ... . -.. 
. 
o. 1 
so 
--- ..... 
{...... }. 
------ý...... _ -{ --". -0a 
o. a 
%a 
o 05 1152 15 3 
tad - º1(s) 
... . 
F. 
.... 1 ..;. .... . .... ................. 
0 o. a ý. a a as 
-º £(s) 
Figure 7.9: Sensorless control results for speed reversal from 300rpm to 
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without load 
7.4.1.4 Higher Speed Reversal With Full Load 
The experimental results for a sensorless speed reversal from 300rpm to 
-300rpm with 
external load are shown in Fig 7.10. The full load is applied, which is achieved by 
controlling the output torque of the load drive. 
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Figure 7.10: Sensorless control results for speed reversal from 300rpm to -300rpm 
with full load 
As expected, the estimated speed signal is more noisy than the encoder measured 
speed signal. But the sensorless control results are still very good. The estimation 
speed error and position error are very small. The cogging effect can still be seen 
from the torque current waveform. 
7.4.2 High Speed Control 
The position estimation scheme using only fundamental PWM sequence is also appli- 
cable to the high speed operation. At high speed the vector extension happens much 
less than that at low speed. Using the sampling of di/dt during null vectors, the in- 
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fluence from the back EMF and resistance voltage drop can be almost cancelled, and 
they will not influence the position estimation results. The experimental results of the 
sensorless control when the motor is accelerating up to 1000rpm, and then deceler- 
ating in steps, are shown in Fig 7.11. The measured position signal, the estimated 
position signal, and the speed and position error signals are exhibited. 
rpm rpm 
- 
t(i) 
Figure 7.11: Sensorless speed control at high speed 
7.4.3 Load Disturbance during Sensorless Speed Control 
The characteristics of the sensorless speed control under the load impact are inves- 
tigated. Sudden changes of the load torque occur, when the machine is running at 
a constant speed under sensorless control. The step change of loading condition is 
realized by suddenly starting and stopping the load drive system. 
At Low Speed 
The machine responses to full load impact at low speed are shown in Fig 7.12. The 
whole process is that the machine is started up to 10rpm 
from t= Osec, then 100% 
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nominal load torque is applied at t=1.6sec, the load is removed until t=5.6sec, and 
finally the motor is stopped at the 8th second. The encoder measured rotor speed c0 
the estimated rotor speed 6, 
, 
the torque current isq and the measured rotor position 6, 
are all shown in Fig 7.12. The loading status in the whole precess is reflected by the 
waveform of isq. It can be seen that, the estimation error is acceptable during both the 
steady state and the dynamic period. 
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At Higher Speed 
The same load impact test is carried out on the sensorless speed control system when 
the machine is running at 300rpm. The machine responses are shown in Fig 7.13. The 
load bearing ability and the dynamic performance of this sensorless control system 
are excellent. 
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Figure 7.13: Full load impact on the sensorless speed control at 300rpm 
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7.5 Experimental Results for Sensorless Position Con- 
trol 
In this section, experimental results for the sensorless position control system are pre- 
sented. Different tests are designed to exhibit its stability and dynamic performance. 
7.5.1 Position Reversal Control 
The position command is given as an absolute position angle value. In this test, the 
machine is firstly driven from its initial position to a specific angle position with the 
S-curve profile detailed in 7.3.3. After a while it is driven in the opposite direction to 
the new angle position. Then the machine is driven back to its original position. 
With No Load 
The experimental results, when the machine is driven 6 rotations from the standstill, 
and then 12 rotations in the opposite direction, and then back to its initial position, are 
exhibited in Fig 7.14. The position command is always provided as an S-curve profile 
and the feed-forward control is utilized. In the upper plot, the measured absolute rotor 
position angle follows very well with the command signal. No external load is applied 
during this process. 
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Figure 7.14: Experimental results of the position reversal without load 
With Full Load 
The same experimental procedure is repeated, but full load is applied during the whole 
process. The machine responses are shown in Fig 7.15. 
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Figure 7.15: Experimental results of position reversal with full load 
It can been seen that the sensorless position control is accurate and shows good dy- 
namic performance under different load conditions. 
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7.5.2 Position Hold under Full Load Impact 
In this experiment, the PM machine is firstly driven to a new position with 6 rotations. 
Full load is then added. After a while the load is removed when the rotor is still hold 
at that angle position. Finally the machine is driven back to its original position. The 
measured absolute position angle is presented in the upper plot of Fig 7.16. Small 
responses to the full load disturbance appear on the position waveform, which is dis- 
played in the lowest plot. The torque current and speed responses are also presented. 
The sensorless position control system shows excellent robustness in this test. 
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7.6 Conclusion 
The whole sensorless control system based on the fundamental PWM excitation is de- 
scribed in this chapter. The position estimation system, including both the hardware 
installation and the control scheme implementation, are further explained. The cur- 
rent derivative signals are measured and utilized to estimate the position vector. The 
ADI and the mechanical observer are designed to improve the estimated position and 
speed signals. The design process of the current loop, the speed loop and the position 
loop are elaborated. S-curve command profile and feed-forward control schemes are 
introduced and utilized on the closed-loop position control. 
The full sensorless control system has demonstrated excellent performance by the 
experimental results under different test conditions. The results of both the sensorless 
speed control and the sensorless position control have been exhibited. Satisfactory 
controllability and dynamic performance are shown in different tests, which include 
the speed reversing in different speed ranges, speed or position holding under load 
impact disturbance and the precise speed or position control. 
Chapter 8 
Conclusions and Discussions 
The aim of this work has been to demonstrate the feasibility of sensorless speed con- 
trol, especially at low and zero speed for a surface mounted permanent magnet ma- 
chine by means of saturation saliency tracking based on fundamental PWM excitation. 
The conclusions and discussions are given below. 
8.1 Conclusions 
This thesis focuses on the use of PWM vector excitation to excite the inherent saliency 
of the AC machine and determine the rotor position. The INFORM method, as the ba- 
sis for this kind of approach, uses pairs of opposite test vectors to provide transient 
excitations. The resulting transient stator currents are measured to estimate position. 
The INFORM method and its dependent methods are effective for position estimation, 
but they are limited to zero and low speed. This is because the additional test vector 
pairs are inserted in the null vector of the PWM sequence, which becomes shorter 
when the speed increases. The added test vectors incur extra stator current ripple 
which increase losses, add torque ripple and raise the acoustic noise level. The new 
method for PM motor control introduced in this thesis is based on the fundamental 
179 
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PWM sequence and takes advantage of the transient excitations from the original ac- 
tive vectors in the fundamental PWM sequence. The current derivatives during the 
null vectors are also measured and used for eliminating the resistance voltage drop 
and back EMF influence on the position estimation. This method is applicable even in 
the high speed range. However, some of the active vectors may not be wide enough, 
and may need extending to a minimum width, because the high frequency switching 
oscillations in the stator current waveforms due to parasitic circuits need a period to 
die down. The small vector width normally happens in the low speed range or when 
the voltage reference vector is crossing the sector boundaries. The solution used in 
this thesis is to extend the narrow vectors to meet the required minimum vector width 
tdmin" The extension effect on the output voltage should be compensated. One way 
is to shift the other switching edge of the extended phase and thus keep the turn-ON 
time for each phase the same. This method has been explained and verified in 3.2.3. 
This kind of extension and compensation scheme needs no additional vectors and also 
keeps the voltage time area in each PWM cycle unchanged. Current transients excited 
by the two active vectors and null vectors in the fundamental PWM sequence, can be 
measured to obtain the position signals. However, the disadvantage of this method is 
that a large current deviation appears in the current waveform, which is because the 
extension happens in the first half PWM period but the compensation is at the end of 
the second half PWM period. In order to reduce this current distortion, one new im- 
provement is proposed in this research to compensate the extension effect in advance 
by using the opposite vector with the extended width. The detail is also explained in 
3.2.3. Using this scheme the current deviation is significantly suppressed. Although 
one vector is added, it does not introduce additional current distortion, because it is 
only used for cancelling the current deviation. Its width is adaptive to the fundamental 
PWM sequence and only happens when the vector extension is made. 
For the position estimation methods discussed in Chapter 3, their induced current dis- 
tortions are studied. The voltage and current ripple vectors are introduced in 3.3 to 
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discuss these distortions. When different position estimation schemes are applied to 
the PM synchronous motor, the stator current waveforms are measured and compared 
in the same experimental test and with the same vector duration td,, nn for position 
estimation. The THD analysis shows that the scheme using only fundamental PWM 
sequence with the proposed compensation method exhibits the smallest current distor- 
tion. At higher speed, the PWM vector extensions can be avoided most of the time, be- 
cause the active vectors normally have sufficient widths. Extension and compensation 
will only happen when the voltage reference vector is crossing the sector boundaries. 
Current distortion associated with the method based on fundamental PWM sequence 
will be much reduced in the higher speed range. 
The requirement of the minimum vector width for di/dt sampling td, 
;,,, is the main 
reason for the induced additional current distortion in the position estimation schemes. 
With a reduction in the minimum vector duration td, ni,,, the current distortion caused 
by the position estimation schemes can be reduced, which is demonstrated in 4.2.2. 
The required minimum vector duration tdJri11z is due to the high frequency oscillations 
during the switching instants and the di/dt sampling has to be done after these oscil- 
lations die down. In this research, in order to suppress the noise and thus to reduce 
the minimum vector duration tdmjn, these high frequency switching oscillations in this 
AC drive system are studied. Both the common mode and the differential mode oscil- 
lations are identified. The main part of the common mode noise appears at 2 ti 3kHz 
in this research and it can be eliminated by software compensation. A novel attempt 
is made to reduce the differential mode noise with the frequency about several MHz, 
by slowing down the IGBT turn ON/OFF speed. Increasing the gate resistance shows 
some influence on lessening the oscillation amplitude and duration. Its effect of re- 
ducing the high frequency oscillations has been described in 4.2.2. During the PWM 
cycles when the vector transient excitations are required for the position estimation, 
the gate resistances are increased; during the normal PWM cycles, they are kept at the 
nominal value. Increasing the snubber capacitance is another way to reduce the high 
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frequency switching oscillations. Experimental results show that the snubber circuit 
works well for eliminating the high voltage spikes and ensuring the device safety, but 
does not improve the current switching oscillations very much in this application. 
An AC drive inverter has been designed and built in this project. Its power circuit is 
integrated using a PCB. With optimized layout and design, the contact electromag- 
netic noise is limited. IGBT gate drive circuits in this system are particularly designed 
for reducing the high frequency oscillations during the di/dt sampling. Different gate 
resistance values are used according to the programmed command. The circuit imple- 
menting this changeable gate resistance has been described in 5.3, which is realized 
by a bidirectional switch of dual-MOSFET circuit. Besides the current and voltage 
sensors required by the vector control, di/dt sensors and signal processing circuits 
are included. The Rogowski coil and the air-core mutual inductor are two types of 
di/dt sensors utilized by the sensorless control systems in literature. In this research 
three handmade air-core mutual inductors with the improved design are used, which 
has been explained in 4.3.1. It is found that the di/dt sensor output signals are hard 
to use directly, because they are dominated by high frequency noise. Thus circuits are 
added to filter off the noise and to amplify the di/dt signals for A/D conversion. 
The experimental results verify that the saturation saliency in a surface mounted PMSM 
can be exploited for sensorless control. Nevertheless, harmonic disturbances arising 
from other existing saliencies deteriorate the estimated position signals. Harmonics 
at DC, fe and 4f, are the main disturbing components in this research. By analyz- 
ing these harmonics as the function of torque current isq, their origins are identified 
in Chapter 6. These harmonics mainly arise from the motor characteristics and the 
harmonic orders will not change with the speed or load. The ADI proposed in 6.1.4 is 
an effective method to eliminate the harmonics at specific frequencies. It uses a stack 
of synchronous filters to extract each target harmonic component, and then the total 
disturbing harmonic is removed from the estimated position signals. In the low speed 
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range, the synchronous filters cannot extract the harmonic correctly, because these har- 
monics are located very close to the desired saturation saliency signal. To overcome 
this problem, the ADI includes a small table with the pre-calibrated harmonic informa- 
tion, which provide the DC values of each harmonic component in each synchronous 
rotating reference frame. By using this table, these harmonics can be constructed in 
the low speed range, and then be eliminated from the estimated position signals. This 
table only needs a small memory space, and can be populated and updated at higher 
speeds under different load conditions. 
The saturation saliency presents the air-gap flux position, instead of the rotor position. 
The difference between the rotor angle and the derived flux angle is proportional to the 
load current isq. This is verified by the experimental plots, which are then employed 
for online phase compensation to obtain the rotor position. The position estimation 
method based on the fundamental PWM sequence with an improved compensation 
scheme for current distortion, is used for the sensorless control in this research. In the 
feedback channel the mechanical observer is tuned to suppress noise in the estimated 
position and speed signals. The control loop and the feedback are designed separately, 
but a compromise is made between the system dynamic characteristics and the noise 
suppression level. 
Experimental results of both the sensorless speed and the sensorless position control 
are exhibited in Chapter 7. Excellent performance, both in accuracy and in dynamics, 
is demonstrated under different experimental conditions.. The operation at low speed, 
as shown when the stator fundamental frequency is fe = 0.5Hz, is excellent. This sen- 
sorless control system also shows satisfactory capability to reject load disturbances, 
in either speed control or position control. 
The final conclusion is therefore, that the aims and objectives stated in Chapter 1 have 
been met. A sensorless control scheme has been presented for a SMPM motor, which 
exploits the normal PWM sequence with minimal modification, introduces only small 
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additional current distortion 
- 
lower than signal injection or test pulse type techniques 
- 
and operates over a wide speed range. 
8.2 Further Work 
Although this project has successfully devised a sensorless PM motor drive, there are 
various aspects of of the scheme which would benefit from future research. Some 
discussions and ideas related with this system are given below. 
1. Further study of the basic scheme to eliminate the impact of short vectors, allowing 
non-modified PWM to be used without any additional current distortion. To avoid 
any PWM modification, reference [59] proposes a hysteresis control and reference 
[60] exploits the inherent excitations in the fundamental PWM from the frequency 
domain. But both methods need more investigations and verifications. 
2. Analysis of the effects of inverter non-linearities on the position estimation scheme 
and the incorporation of deadtime compensation. As explained in Chapter 2, for the 
methods based on high frequency signal injection, the tracked saliency position signal 
can be distorted by the inverter non-linearities. For the transient vector excitation 
methods the inverter non-linear characteristics will not introduce much disturbance 
on the position estimation. However, the deadtime of the IGBT switching should be 
considered when setting the instants of the di/dt sampling. Deadtime compensation 
schemes are preferred although not strictly necessary, and these can be realized by 
advancing the switching edges depending on the current direction[118,119]. 
3. Development of dildt sensors without further signal processing requirements. Both 
the Rogowski coil and the air-cored mutual inductor can be used as a di/dt sensor in 
the sensorless control system. Both of them have inherent good linearity over a wide 
spectrum, which makes them suitable for transient current measurement. However, 
the noise in the measured current is also much amplified due to their high frequency 
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response. The output signals can be overwhelmed with noise and cannot be used 
directly. In this research they are further filtered and amplified. The overall bandwidth 
of the sensor, the lowpass filter, and the amplifier needs to be optimized. In addition 
the labourious tuning work, the filtering and amplifying circuits add components and 
cost. 
4. Development of integrated current sensor and d i/dt sensor. Both the current sensors 
and the di/dt sensors are used in this research, which is not economical. Combining 
these two kinds of measurements should be possible. One possibility is to use math- 
ematical differentiation of the measured current signals to calculate the di/dt value. 
The other possible way is to obtain the current measurements from the di/dt sensors 
with an integrator. This is the principle of the commercial current sensors using a 
Rogowski coil. The main limitation comes from the saturation and DC drift of the 
integrator, and the requirement of a measurement of a DC current at standstill. 
5. Improvement of the performance of the ADI. The commissioning process of the 
ADI is carried out when the motor runs above the threshold frequency, which can be 
either in sensored mode or in sensorless mode. One limitation found with the sensor- 
less commissioning occurs during the startup period, when a higher torque current is 
required to accelerate the machine to above the threshold frequency. If the harmonic 
disturbance effect is significant, sensorless startup without disturbance compensation 
may be difficult. For the commissioning in sensorless mode, the lookup table is up- 
dated gradually until all the data reaching their true values, which may need a rela- 
tively long period. 
6. Further explanation of the disturbing harmonics in the estimated position signals. 
As analyzed in Chapter 6, the identified disturbing harmonics mainly reflect other 
saliency characteristics of the SMPM machine under transient excitations of the PWM 
vectors. However, a better understanding of their origins and effects could be obtained 
by further theoretical study, coupled with a study employing detailed magnetic ma- 
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chine models. Also, with different machine types, the harmonic saliencies may vary, 
and then another ADI commissioning may be necessary. 
8.3 Publications 
The present work has resulted in three conference paper, which are included in Ap- 
pendix C. 
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Appendix A 
Control Platform 
This appendix describes the control platform of the overall AC drive system. It con- 
sists of three PCB boards: a TMSC6713 DSK board, an FPGA board and an HPI 
daughtercard. It is shown in FigA. 1. 
FPGA Board 
Figure A. 1: Control Platform 
The TMSC6713 DSK board is a low-cost standalone platform to develop applications 
for TI TMSC6713DSP. The DSK operates from a signal +5V external power suuply. 
The DSK is designed to work with TI's Code Composor Studio (CCS) development 
environment. Code Composer can communicate with the DSK through an embeded 
JTAG emulator with a USB host interface. The DSK provides three 80 pin expansion 
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connectors: the memory connector, the peripheral connector, and the HPI connector. 
These expansion connectors are used for plug-in daughtercards, which allows users to 
extend the DSK applications and provide specific interface. 
The FPGA board is connected with the DSK board through both the memory connec- 
tor and the peripheral connector. The heart of the FPGA board is an Actel ProASIC 
A50OK050 FPGA. A crystal oscillator on the FPGA board provides the stable clock 
frequency of 10MHz for the whole control system. Besides the FPGA, a variety of 
functional circuits are designed on this borad. There are ten 12-bit A/D channels for 
data measurement. Each channel has a potentiometer and a comparator for setting the 
trip level. Each measurement channel is calibrated separately. Three groups of digital 
input/output ports are available, which makes it possible to send the FPGA internal 
programming signals out or recieve input signals. Users can indicate them as inputs 
or outputs independantly. Four D/A channels are also designed on this board. Fourty 
programmable LEDs work for observing and displaying the system working status. 
The DSK66713HPI daughtercard is used to interface the TMS320C6713 DSK board 
with a personal computer through three possible ways: serial, parallel or USB con- 
nection. The graphical user interface software is developed by the author's research 
group based on the C6713DSK Matlab Interface Software. It enables the user to reset 
the DSK programs, to send the controlling commands, to acquire a set of variables, to 
plot the variables in a time window, to trigger the measurments at specific event, etc. 
Appendix B 
Circuit Schematics 
Details regarding to the design considerations of the AC drive system have been dis- 
cussed in Chapter 5. In this Appendix, the main schematic circuit diagrams are pre- 
sented. 
The main power circuit shown in FigB. l is built on a big 2-layer PCB. The +DC and 
-DC link currents go through the upper and lower layers of this PCB respectively. 
The rectifier, DC-link capacitors, IGBT inverter, current and voltage measurement, 
protection circuits are all integrated by this PCB. The gate drive circuit shown in 
FigB. 2 is designed to provide the drive signals for IGBT modules. The filter and 
amplifier circuit shown in FigB. 3 is used to process the di/dt signals obtained by the 
di/dt sensors. 
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B. 1 Power Circuit 
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Figure B. 1: Main power circuit 
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B. 2 Gate Drive Circuit 
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Figure B. 2: Gate drive circuit for one phase 
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B. 3 Filter and Amplifier Circuit of dildt Signals 
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Figure B. 3: Filter and amplifier circuit for the three phase di/dt signals 
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